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Introduction 

Hypertensive patients have an increased risk of a variety of atherosclerotic 
complications. Although our knowledge of the mechanisms which are involved in the 
pathogenesis of atherosclerosis has increased considerably over the past decades, it is 
not fully understood how an elevated blood pressure contributes to the damage in 
certain vascular beds. A phenomenon that has not yet received much attention is the 
occurrence of vascular calcifications in hypertension. Why do they occur and what is 
their clinical significance? In this paper we will briefly review what is known about the 
mechanisms leading to vascular calcification, in particular in patients with high blood 
pressure. 

Pathobiology of vascular calcifications 

Bone morphogenetic proteins (BMP) are primarily involved in the maintenance and 
repair of human bone tissue, but they also play a role in the vessel wall. Although 
three forms, namely BMP-2, BMP-4 and BMP-6, are expressed in vascular calcification, 
it is primarily the activation of BMP-2 which results in inhibition of vascular smooth 
muscle cell differentiation, probably by interruption of the cell cycle through p21 
inhibition of cyclin dependant kinases.1 Furthermore, in vitro loss of vascular smooth 
muscle cell markers is induced by exposure to BMP-2.2 Finally, BMP-2 is associated 
with increased apoptosis, which is critical for the initiation and propagation of the 
calcification proces.3 Continued exposure to BMP-2 could then stimulate msh 
homeobox 2 (MSX2), a transcription factor promoting osteogenic gene expression and 
thus inducing core binding factor-1 (also called Runx2) and osterix. The latter 
stimulates the differentiation of multipotent vascular mesenchymal cells into 
“osteoblast-like” cells which are capable of enhancing intramembranous bone 
formation in the artery wall.4-7 This ensuing calcification of the vascular wall is further 
modified by stimulatory and inhibitory factors in a complex relationship which is 
probably similar in most patient subgroups (Figure 1.1).8 However, there are some 
differences in the main triggering factors that initiate and maintain the calcification 
process in various disease states. For diabetes, renal insufficiency and hypertension 
this is shown in Figure 1.2. 

Diabetes Mellitus 

Vascular calcification is more prevalent in subjects with diabetes than in non-diabetic 
subjects and is located mainly in the coronary arteries and the thoracic aorta (Table 
1.1). 
One of the main triggering factors for vascular calcification in diabetes seems to be a 
high ambient glucose level as demonstrated by the independent association of HbA1c 
levels and the prevalence of calcifications.9-11 The exact mechanisms are not very well 
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understood but may involve advanced glycation end products (AGEs) which are 
strongly correlated with the presence of coronary artery calcification.12,13 In addition, 
in an experimental setting AGEs were able to stimulate rat aortic vascular smooth 
muscle cell calcification and upregulation of Runx2 messenger RNA in human aortic 
vascular smooth muscle cells.14,15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Common pathway of calcification. 
 White arrows denote an inhibiting effect, black arrows denote a stimulating effect, grey arrow 

denotes transition. MGP: matrix Gla protein, BMP-2: bone morphogenic protein type 2, RANKL: 
receptor activator of nuclear factor kappa B ligand, OPG: osteoprotegerin, OPN: osteopontin. 
Inflammation and lipid peroxidation modify regulatory genes. BMP-2 promotes differentiation of 
the mesenchymal vascular cells through induction of osteoregulatory genes. These cells then 
differentiate into “osteoblast-like” cells that are capable of producing a calcified interstitial 
matrix by several ossification systems. FxRG Farnesoid X Receptor Gene, cJNK c-Jun N-Terminal 
kinase. 
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Figure 1.2 Balance between stimulating and inhibiting factors of vascular calcification in a: Diabetes 

Mellitus patients, b: patients with renal insufficiency and c: patients with hypertension. AGE's 
Advanced Glycosylation Endproducts; BMP Bone Morphogenetic Protein; RANKL  Receptor 
Activator for Nuclear factor Kappa B Ligand; MSX-2 msh homeobox 2; Cbfa-1 Core Binding 
Factor-1; MGP Matrix Gla Protein; FXR gene Farnesoid X Receptor gene; jnk Jun N-Terminal 
Kinase; Ca Calcium; P Phosphate. 
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Besides their high glucose, diabetic subjects have more vascular inflammation 
compared to non-diabetic subjects and this may stimulate BMP-2. Moreover, diabetes 
is associated with increased levels and uptake of acetylated and oxidized low density 
cholesterol (LDL) by macrophages and hence increased foam cell formation.16 It has 
been shown that acetylated LDL cholesterol stimulates osteogenic differentiation of 
human vascular smooth muscle cells through an interaction with the scavenger 
receptor class A1 and that it possibly also inhibits the removal of apoptotic cells by 
preventing macrophage binding.17,18 However, the higher levels of osteoprotegerin as 
found in diabetes, independently of vascular inflammation, suggest another, yet 
unknown, pathophysiological mechanism of vascular calcification in diabetes.19-22 

Renal insufficiency 

Vascular calcification is also more prevalent in renal insufficiency patients than in 
normal subjects, and located mainly in the aorta, the subclavian arteries and the 
coronary arteries (Table 1.1).  
Increased phosphate levels and hence a higher calcium phosphate product, which is 
typically also found in patients with renal insufficiency, is positively associated with 
vascular calcification.23-26 Indeed, intracellular phosphate stimulates the production of 
core binding factor-1 (Runx2),27 and both calcium and phosphate promote vesicle 
release from vascular smooth muscle cells. The latter may initially serve as a 
protective mechanism against high intracellular calcium contents but eventually it will 
enhance apoptosis and form a nidus for further matrix calcification.28 Besides the 
higher calcium phosphate product, subjects with renal insufficiency also have 
compromised defence mechanisms against calcification as illustrated by their lower 
serum levels of fetuin-A and bone morphogenetic protein type-7.2, 27   
 
Table 1.1 Prevalence of vascular calcification in different populations (%) 

Blood vessel Normal subjects31 Diabetes31 Renal insufficiency Hypertension31 
General   6632, 55-7556  
Coronaries 55 78 4057-8358 64 
Carotid arteries 29 60 7159 46 
Subclavian arteries 31 34 7560 38 
Thoracic aorta 35 52 5161-7560 45 
Abdominal aorta 52 67 8262 68 
Ilio femoral axis 47 4163-64-7164 6156-6465 54 

 

Hypertension 

In hypertensive patients vascular calcification is more prevalent than in normal 
subjects and located mainly in the abdominal aorta and the coronary arteries (Table 
1.1). 
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There is a clear association between the height of blood pressure and vascular 
calcification.29-33 Moreover, therapy resistant isolated systolic hypertension is closely 
related to the extent of aortic calcification.34 Although ongoing vascular calcification 
leads to an increase in blood pressure (mainly pulse pressure), high blood pressure 
itself probably also induces vascular calcification.35,36 The proposed mechanism is an 
increase in BMP-2 action by mechanical stress to the vasculature.37,38 

Clinical implications of vascular calcification 

Vascular calcification is associated with adverse cardiovascular outcomes in almost all 
subjects. However, in patients with comorbidity that comprises a higher 
cardiovascular risk (e.g. diabetes mellitus, renal insufficiency), the presence of 
vascular calcification implies a much larger increase in risk compared to healthy 
subjects.39 The presence of calcium in blood vessels doubled the risk for any 
cardiovascular event in diabetic subjects and multiplied it by six in subjects with renal 
insufficiency compared to their fellow patients without vascular calcifications.39 
Although calcification is also prevalent in hypertensive subjects, there are no studies 
which have addressed the association between vascular calcification and 
cardiovascular end points in these subjects. However, calcification of the aorta is 
positively associated with blood pressure and pulse pressure, which in turn raises 
cardiovascular risk.31   

Treatment 

Several treatments to lower the calcium content of blood vessels have been 
investigated. In this respect, calcium channel blockers (CCBs) are likely candidates to 
have anti calcification properties since these drugs inhibit calcium entry in smooth 
muscle cells by blocking L-type calcium channels. Indeed verapamil, a 
phenylalkylamine, reduces calcification of bovine vascular smooth muscle cells and rat 
aorta.40 Although the dihydropyridine CCBs also block L-type calcium channels, these 
drugs do not show this effect, suggesting that verapamil has a specific yet unknown 
action.40 Indeed, recent data show that verapamil occupies a different binding site of 
L-type calcium channels when compared to dihydropyridine calcium antagonists.41 In 
contrast, in the aorta of male Wistar rats elastocalcinosis induced by warfarin can be 
completely prevented by administration of amlodipine.42 In humans with 
hypertension significantly less progression of coronary calcification was seen with 
nifedipine compared to co-amilozide.43 Nevertheless, there was no difference in the 
occurrence of cerebrovascular and cardiovascular end points in this study. 
Reports about the potential of bisphosphonates to reduce vascular calcification are 
conflicting and the mechanisms are not fully understood. Aortic calcification induced 
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by warfarin and vitamin D in rats was absent when bisphosphonates were 
administered concomitantly.44,45 Risedronate combined with alfacalcidol, used to treat 
osteoporosis in 13 diabetic Japanese postmenopausal women, appeared to halt 
progression of abdominal aortic calcification compared to matched non osteoporotic 
control subjects with diabetes.46 Etidronate was effective in reducing progression of 
coronary artery calcification in dialysis patients.47 On the contrary, there was no 
inhibitory effect of alendronate on progressive calcification in the abdominal aorta in 
dialysis patients who were treated for 18 months.48 
The vitamin K dependent Matrix Gla protein (MGP) is a potent inhibitor of 
calcification. The intake of vitamin K is associated with cardiovascular outcome and 
blocking the recycling of vitamin K by warfarin leads to excess calcification of blood 
vessels.49 Whether treating patients on warfarin with vitamin K to stimulate 
carboxylation of MGP reduces calcification has yet to be explored.  
Statins are known to reduce vascular inflammation and therefore may influence the 
vascular calcification process. However, a recent meta-analysis showed no effect of 
statins on coronary calcification.50 
The calcium sensor receptor agonist cinecalcet was able to halt progression of 
vascular calcification in rats with renal insufficiency.51 Recently evidence was 
presented that cinecalcet might also slow progression of coronary and heart valve 
calcification in patients with renal insufficiency on dialysis compared to subjects using 
vitamin D to lower parathyroid hormone levels (PTH).52 The proposed mechanism is a 
lowering of PTH without increasing serum calcium levels and thus resulting in a lower 
calcium phosphate product. 
Several new calcification inhibitor pathways like magnesium induced up regulation of 
the magnesium transporter and up regulation of the farnesoid X receptor gene have 
been reported but their potency to inhibit calcification in humans has not yet been 
investigated.53,54 

Conclusion 

Although it seems reasonable to treat subjects with calcifications and accompanying 
risk factors according to guidelines, there are no trials on treatment strategies 
focussing on the reduction of calcification as a means to lower morbidity and 
mortality. However, given the fact that vascular calcification is an independent 
cardiovascular risk factor, the aforementioned differences in the process of 
calcification and the availability of possible interventions in the calcification process, it 
is conceivable that this has consequences for further treatment in these patients.  
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Outline of the thesis 

In this thesis we aim to answer several questions with regard to the cardiovascular risk 
associated with vascular calcification in different patient groups, and to further 
explore the biological properties and function of one specific protein, MGP, in vascular 
calcification. 
Calcification is a highly complex process. Many of the regulators of calcification are 
proteins. In chapter 2 we discuss the biological properties of these proteins and their 
function in stimulating or inhibiting vascular calcification.  
There are several meta-analyses linking coronary artery calcification to cardiovascular 
risk. There are only a few reports on calcification found elsewhere in the body with 
different imaging techniques. In Chapter 3 we describe  a meta-analysis to answer the 
question if any form of vascular calcification as detected with any imaging technique 
has consequences for the cardiovascular risk in different patient populations. 
Chapter 4 describes the exploration of MGP levels in hypertensive subjects compared 
to healthy controls. Hypertensive subjects are more prone to vascular calcification. 
We wondered whether this is associated with different MGP levels in hypertensives. 
There is abundant research about the production of MGP by smooth muscle cells and 
chondrocytes. There are no reports about how MGP is cleared from the circulation. 
Because of its size we expect MGP to be cleared by the kidney. Therefore, in Chapter 
5 we describe the measurements of renal clearance of MGP in hypertensive subjects.  
There are several reports about calcification contributing to vascular stiffness. As MGP 
plays an important role in vascular calcification, we expect that MGP levels are also 
associated with vascular stiffness. To answer the question if this assumption is correct 
we determined MGP in the Hoorn cohort, which contains patients with DM2, subjects 
with impaired glucose tolerance, and healthy subjects, in which extensive 
measurements of vascular stiffness were done. The results of this study are reported 
in Chapter 6. 
As MGP is activated by vitamin K and several reports studied the effect of vitamin K on 
coronary calcification in humans, we wondered if there is a clear association between 
vitamin K, MGP and vascular calcification in different arteries besides the coronaries. 
In Chapter 7 we therefore investigate the relationship between vascular calcification 
of the coronaries, the carotid arteries, the abdominal aorta, MGP and vitamin K 
status.  
Coumarin treatment in rats generates extensive vascular calcification. In humans 
there is an association between coumarin treatment and coronary calcification. To 
answer the question if coumarin treatment also leads to enhanced extra-coronary 
vascular calcification we looked for calcium deposits in the femoral arteries of 
relatively young patients on long term coumarin treatment and compared them to a 
healthy control population and the results are reported in Chapter 8. 
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Finally, in Chapter 9 we discuss the main findings of the above mentioned studies. We 
discuss possible future research necessary to expand knowledge about vascular 
calcification and MGP. 
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Introduction 

Modern imaging techniques often reveal arterial calcifications as an unexpected 
finding. Previously, such calcifications were considered to represent an inert endpoint 
of atherosclerosis, but recent data suggest that vascular calcification is an active 
process occurring already in early stages of atherosclerotic lesions.1-3 In addition, 
calcification of arterial vessels is associated with adverse cardiovascular outcomes, 
especially in subjects with coronary calcification and in patients with renal 
insufficiency.4-9 Even in otherwise normal subjects who participated in a screening 
program calcification as measured with electron beam computed tomography (EBCT) 
appeared to be an independent risk factor for the development of cardiovascular 
events. Although vascular calcification is associated with several known cardiovascular 
risk factors10,11, it predicts cardiovascular risk independently of these risk factors.10,12-14 
Thus, the presence of calcification is not as innocent as it may seem.8,12,13,15  
Calcification is mostly present in the vascular intima in association with 
atherosclerosis but it can also occur in the media. The latter is frequently seen in 
elderly populations, in diabetic patients, and in uremic patients, and in those 
populations it is not necessarily associated with the presence of atherosclerotic 
plaques.  
Deposits of calcium in the vascular wall are usually detected with X-ray. When 
vascular regions on these X-rays of e.g. chest, abdomen, or other large arteries have a 
density similar to that of bone, calcification is diagnosed. These images are useful not 
only as a localisation tool, but also for estimation of the overall number of calcified 
regions in the body and, hence, cardiovascular risk.16 X-ray images, however, are not 
reliable enough to quantify the amount of calcium. This can be done more accurately 
using computed tomography (CT). With CT, density of pixels is expressed as 
Hounsfield units and calcium is usually suspected when a pixel exceeds 130 Hounsfield 
units. At least in the coronary arteries, this technique is currently the only validated 
one for quantification of calcification.17  
In the following we will discuss the clinical importance of large artery calcification and 
the currently known mechanisms of calcification in different populations. Such 
information  may help us to better understand the arterial calcification process which, 
in turn, could eventually lead to the development of specific intervention strategies. 

Pathobiology of arterial calcification 

Studies in experimental animals as well as in-vitro studies in human cells have 
identified several proteins which play a role in the calcification process.18-22 
Unravelling the function and the mechanism of action of these proteins has been a 
topic for many researchers in the past few years. Some proteins act as inhibitors of 
calcification, whereas others promote the deposition of calcium in the vascular wall. 
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Vascular smooth muscle cells (VSMCs) which migrate to the intimal layer of the 
vasculature lose their contractile phenotype, and transform into so-called synthetic 
VSMCs. When the latter become apoptotic in the atherosclerotic lesion they may form 
the nidus for calcification.23,24 Moreover, VSMCs can change their phenotype upon 
calcification and develop features of osteoblast- or chondrocyte-like cells with respect 
to gene expression.25 Table 2.1 shows proteins involved in calcification subdivided 
according to their calcification-inhibiting or -promoting properties. Below we discuss 
these proteins and their biological properties in more detail. 
 
Table 2.1 Proteins involved in arterial calcification. 

Inhibitor proteins  Promoter proteins  
Matrix Gla Protein Bone Morphogenetic Protein type 2 
Fetuin-A  Receptor Activator for Nuclear Factor Kappa B Ligand 
Osteopontin  
Osteoprotegerin  
Bone Morphogenetic Protein type 7  

 

Matrix Gla-Protein  

Matrix Gla-Protein (MGP) is a 10 kD vitamin K-dependent protein which was first 
discovered by Price et al.26 It is produced by vascular smooth muscle cells and 
chondrocytes, and accumulates at sites of calcification.22 Its production is stimulated 
by an increase in local calcium levels and during this production process MGP is 
changed by two posttranslational modifications: phosphorylation and vitamin K-driven 
γ-glutamyl carboxylation.27-29 The active (carboxylated) protein is believed to be a 
regulator of bone morphogenetic protein type 2 (BMP2), but it can also bind directly 
to calcium crystals in the vascular matrix, thereby preventing further calcification 
growth.30 Animal studies show that a deficiency or impairment of MGP due to, for 
instance, a mutation in the epoxide reductase subsegment 1 or blockade of vitamin K 
leads to extreme calcification of the vascular matrix.31-34 In the human “Keutel 
syndrome”, an autosomal recessive disorder in which patients lack MGP, excessive 
calcification of large arteries is seen.35 Serum unphosphorylated MGP (dpMGP) levels 
are inversely proportional to coronary calcification and uncarboxylated MGP (ucMGP) 
levels were significantly lower in patients who underwent PTCA than in a healthy 
control population.36,37 Several experimental studies suggest that MGP, which is 
produced in the vascular matrix, is transported into plasma in combination with fetuin 
(see below) as the fetuin-mineral complex.38,39 Whether serum MGP levels are a 
reliable reflection of the calcification process in the vascular wall is not yet clear, 
although from the previously mentioned studies it would seem that patients with high 
cardiovascular risk have lower serum dpMGP and ucMGP levels as opposed to higher 
dp-ucMGP levels.28 An obvious advantage of MGP is that the protein’s activity 
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completely depends upon vitamin K, and thereby can be modulated by extra vitamin K 
intake. On the other hand, blocking carboxylation of MGP (i.e. with coumarines) or 
low vitamin K levels (i.e. deficient intake) result in excess calcification.40-42 

Fetuin-A 

Fetuin-A is a 56 kDa glycoprotein which is produced in the liver and circulates at high 
serum concentrations (0.4-1.0 g/l).43 It acts as a negative acute phase protein and is a 
powerful inhibitor of calcification.43-45 Together with MGP, fetuin-A makes up a 
complex with calcium and phosphate which transports and clears the insoluble 
calcium-phosphate salt, and so prevents extra skeletal deposition of calcium.46 In 
transgenic fetuin-A deficient mice (Fetuin-A-/- mice), extra skeletal calcification, 
including soft tissue and perivertebral arterial calcification, develop.44 Other arteries 
are spared from calcifications, most likely because of up-regulation of other potent 
calcification inhibitors such as MGP and osteopontin.47 In dialysis patients serum 
fetuin-A levels vary inversely with the degree of coronary artery calcification.48 Studies 
also show that low levels of fetuin-A are associated with enhanced all-cause and 
cardiovascular mortality.49-51 This effect may be mediated in part by inflammation, as 
low fetuin correlates with higher levels of C-reactive protein (CRP). 

Bone Morphogenetic Protein (BMP) 

Bone morphogenetic proteins are members of the TGF-ß superfamily, and play key 
signalling roles in the maintenance and repair of bone and other tissues in the adult. 
Their role in vascular calcification is complex. When VSMCs change their phenotype 
from contractile to synthetic cells, they enter a state of proliferation in which the 
expression of smooth muscle markers is diminished. However, they produce large 
amounts of extracellular matrix proteins and even become osteoblast-like cells. Two 
forms of BMP, BMP-2 and BMP-7, have been extensively studied in relation to 
vascular calcification.52,53 
Strikingly, BMP-2 is associated with a decrease in smooth muscle cell markers whereas 
BMP-7 promotes the vascular smooth muscle cell phenotype. In chronic kidney 
disease levels of BMP-7, which is mainly produced by the kidney, are low.54 This might 
be one of the reasons why especially chronic renal failure patients are prone to 
excessive calcification (see section on chronic kidney disease below) 
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Osteopontin (OPN) 

Osteopontin is an acidic extracellular phosphoprotein. The phosphoserines within 
OPN are negatively charged amino acids, which have a strong affinity for 
hydroxyapatite. It is normally present in mineralised tissues like bones and teeth. Mice 
lacking OPN are susceptible to vascular calcifications.21 OPN regulates mineralization 
in two different ways. On the one hand it inhibits apatite crystal growth, on the other 
it promotes osteoclast function. In normal arteries OPN is absent, whereas in calcified 
plaques it is abundantly present. Research suggests that OPN is important in 
regulating calcification when the artery is injured.55 

Receptor Activator for Nuclear factor Kappa B Ligand (RANKL) 

RANKL is a 316-amino acid transmembrane protein. It is highly expressed by T-cells in 
lymphoid tissue and by osteoblasts in trabecular bone. RANKL binds to RANK, a 616-
amino acid transmembrane receptor which is present amongst others on osteoclasts 
and their precursors. This binding generates multiple intracellular signals that regulate 
cell differentiation, function and survival. RANKL action can be blocked by 
osteoprotegerin (OPG) thereby inhibiting vascular calcification. RANK/RANKL/OPG 
belong to the TNF-alpha family. RANKL is upregulated in osteoblasts by 1α,25-
dihydroxyvitamin D3, parathyroid hormone, glucocorticoids, prostaglandin E2, 
interleukin-1α, TNF-α, interleukin-6, interleukin-11, interleukin-17, calcium or 
immuno-suppressants like cyclosporin A. Downregulation of RANKL is mediated 
through transforming growth factor β. In animal studies RANKL increases osteoclast 
size and function. Disruption of RANKL results in inhibition of osteoclast formation and 
function.56-59 

Osteoprotegerin (OPG) 

Osteoprotegerin is a 380 amino acid acting as a soluble (decoy)-receptor for RANKL. It 
is produced by many tissues in the body, including the cardiovascular system. OPG 
expression is particularly high in vascular smooth muscle cells and vascular endothelial 
cells of the aorta and the renal arteries. It prevents the binding of RANKL to RANK.56,58 
OPG is increased by some of the stimuli that also increase RANKL and by estrogen, 
TGF-β and BMP-2. Decreased levels are seen with increased parathyroid hormone 
levels, glucocorticoids, prostaglandin E2, insulin-like growth factor-1 or immuno-
suppressants. A steady balance between RANKL and osteoprotegerin prevents 
disorders in bone remodelling and vascular calcification. Low osteoprotegerin 
expression leads to unopposed RANKL binding to RANK and thus osteoporosis and 
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vascular calcification, whereas high osteoprotegerin expression leads to 
osteopetrosis.60,61 Clinically, high serum levels of OPG are associated with 
atherosclerotic disease or risk factors for atherosclerotic disease indicating a 
compensatory role for OPG in vascular calcification.61-63  
 
If there is an imbalance between the protective factors and calcification factors, 
progressive vascular calcification can be the result. Figure 2.1 depicts the different 
proteins and their role in the calcification process. First the conventional vascular risk 
factors result in intimal damage and subintimal lipid deposition. Subsequently, the 
inflammatory response induced leads to increased BMP-2. If not balanced by active 
(carboxylated) MGP, multipotent mesenchymal vascular cells are stimulated to 
differentiation into “osteoblast-like” cells. At this point the presence of enough active 
MGP is important both for blocking the action of BMP-2 and for binding directly to 
calcium crystals in the vascular matrix.20,30,64,65 The use of vitamin K antagonists and/or 
a low vitamin K diet results in an increase of dysfunctional MGP and thus favouring 
calcification.32,66 In addition, the interactions among RANKL, osteopontin and 
osteoprotegerin influence the rate of calcification. (Figure 2.1) 

Prevalence of calcifications and relation to cardiovascular 
outcomes 

Calcifications of the arteries are usually detected with plain X-ray or with CT. The 
prevalence is highly dependent upon the studied population. In a population-based 
cohort of over 100,000 men and women aged 30 to 89 years (mean age 47 years), 
who had a chest X-ray for screening purposes, prevalence of calcification in the aorta 
was 1.9% in male subjects and 2.6% in female subjects.10 Although calcification of the 
thoracic aorta commonly increases with age, the presence of these calcifications 
enhances the risk for cardiovascular events independently of age.10 Most of the risk 
factors that are associated with calcification of the aortic arch are also well known 
cardiovascular risk factors. (Table 2.2) Despite this similarity, aortic arch calcification 
itself is an independent predictor of cardiovascular risk.10 Recent research showed 
changes in the mechanical properties of the atherosclerotic lesion and increased 
inflammation in response to calcification, which may increase the risk of plaque 
rupture.10,67,68 In contrast to intimal calcification, medial calcification (also known as 
Mönckeberg’s sclerosis) exclusively involves vascular smooth muscle cells (VSMCs) in 
the absence of inflammation and lipid infiltration. 
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Figure 2.1 Schematic representation of proteins involved in arterial calcification. 
 White arrows denote an inhibiting effect, black arrows denote a stimulating effect, grey arrow 

denotes transition. MGP: matrix Gla protein, BMP-2: bone morphogenic protein type 2, RANKL: 
receptor activator of nuclear factor kappa B ligand, OPG: osteoprotegerin, OPN: osteopontin. 
Inflammation and lipid peroxidation modify regulatory genes. BMP-2 promotes differentiation 
of the mesenchymal vascular cells through induction of osteoregulatory genes. These cells 
then differentiate into “osteoblast-like” cells that are capable of producing a calcified 
interstitial matrix by several ossification systems. 
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Table 2.2 Risk factors associated with aortic arch calcification as determined in 116.309 subjects.10 

Risk factor Odds ratio (95% CI)¶ 
Age men 2.74 (2.58-2.91) 

women 3.52 (3.32-3.74) 
African descent women 1.35 (1.11-1.63) 
No college education men 1.17 (1.00-1.36) 

women 1.31 (1.14-1.50) 
Total cholesterol > 6.6 mmol/l women 1.28 (1.06-1.55) 
Current smoking men 1.30 (1.10-1.53) 

women 1.16 (1.01-1.33) 
Hypertension† men 1.27 (1.11-1.46) 

women 1.38 (1.23-1.54) 

CI, confidence interval; ¶, only significant correlations are depicted; †, This might also be caused or 
aggravated by vascular calcification 
 
 

EBCT or multi-slice computed tomography (MSCT) are reproducible methods to 
measure coronary calcifications.17,69 Among a healthy American population aged 40 to 
45 years, prevalence of coronary artery calcifications (CaC) was 19.2% in white 
subjects and 10.3% in Afro-American subjects.70 Although Afro-Americans, compared 
to white subjects, in this study had more cardiovascular risk factors, they had 
significantly less coronary artery calcification, indicating differences in prevalence in 
different racial populations.70 In another study among healthy subjects older than 40 
years, prevalence was 29% among men and 19% among women.71 The presence of 
coronary calcifications in asymptomatic individuals has been shown to be associated 
with an increased risk for cardiovascular endpoints. Over a variable follow up period 
from 3 to 4.3 years and depending on the characteristics of the studied population, 
the relative risk for any coronary event varied from 2.6 in low-risk females to 11.8 in 
healthy men aged 40 to 50 years.8,12,13,15  
Calcification of the abdominal aorta as seen with CT is associated with the presence of 
hypertension, older age, coronary artery disease and peripheral vascular disease.72 
The total area of calcification on X-ray films of the abdominal aorta is positively 
correlated with age, systolic blood pressure and aortic stiffness.73 
Limited data exist on the association between femoral artery calcification and 
cardiovascular mortality. However, in patients with type 2 diabetes, femoral artery 
calcification is an independent predictor of cardiovascular morbidity and mortality.74,75  
At present it is not clear whether measuring vascular calcification with EBCT, MSCT or 
plain X-ray can be used as a cost-effective strategy for cardiovascular risk 
stratification. A disadvantage of these techniques is the considerable amount of 
radiation to which patients or, indeed, asymptomatic individuals, are exposed. 
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Arterial calcification in specific patient populations at high 
risk for cardiovascular disease 

In two patient groups with excessive calcifications the involvement and defects of the 
above mentioned proteins have been studied in more detail. Here we discuss 
prevalence, specific pathobiology and clinical consequences of arterial calcifications in 
subjects with chronic kidney disease and type 2 diabetes mellitus. 

Chronic kidney disease (CKD) 

Calcification in dialysis patients is a complex process influenced by metabolic and 
physiological disturbances. Calcifications develop early after the start of dialysis, and is 
much less an age related process.76 Fore example, coronary artery calcifications have 
been shown in 92% of dialysis patients aged 19 to 39 years with childhood-onset 
CKD.77  
In end-stage renal disease calcification is present in two major forms.6,78 One form 
involves the intimal layer of the arteries and occurs within plaques, whereas the other 
form, also common in patients with diabetes mellitus, affects the medial layer and 
initially occurs within the elastic laminae.79 This latter process not only involves large 
elastic arteries but also smaller elastic arteries, and used to be described as 
Mönckeberg’s calcification.80 Subjects with medial calcification are younger and have 
less traditional atherosclerotic risk factors than subjects with intimal calcification. 
Nonetheless, both forms are associated with increased cardiovascular mortality.6 
Higher calcification scores are generally associated with greater cardiovascular 
morbidity.81 Arterial intima calcification, abundantly present in most advanced stages 
of atherosclerosis, tend to be more calcified in dialysis patients than in controls.82 
Arterial media calcification, mostly localized in muscle-type conduit arteries such as 
femoral and tibial arteries, in their most pure form, do not obstruct the arterial lumen. 
This form of calcification has been associated with increased arterial stiffness.83,84 
The VSMC plays a pivotal role in intimal as well as medial calcification.85,86 In vitro, 
human VSMCs spontaneously convert to osteo/chondrocyte-like cells and express 
proteins that regulate mineralization, such as BMP-2.87 In dialysis patients this 
osteogenic differentiation has also been seen in vivo in calcified arteries.88 
Elevated circulating levels of phosphate (P), calcium (Ca) and calcium-phosphate 
product (P x Ca) are frequently encountered in dialysis patients and are associated 
with increased vascular calcifications 76,77,89. Media containing P levels >1.4 mmol/l, 
which is below the K/DOQI guideline of 1.78 mmol/l90, enhance in vitro the osteogenic 
differentiation of VSMCs.91 These effects are mediated via the sodium-dependent 
phosphate co-transporter (pit-1) and result in the production of core binding factor 1 
(Cbfa-1 or RUNX2), a central transcription factor in osteogenic differentiation, the 
expression of alkaline phosphatase and production of calcium-binding proteins such 
as osteocalcin and osteopontin.92,93 In this osteogenification process, calcium-
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containing matrix vesicles are formed and released, finally resulting in the formation 
of hydroxyl-apatite. The calcification process is not exclusively influenced by P and Ca. 
Many traditional and non-traditional risk factors may affect VSCM-associated 
calcification, but their precise roles await clarification.10,11,85,94 

Patients with diabetes mellitus 

Type 2 diabetes mellitus patients suffer from increased rates of cardiovascular 
mortality and morbidity, which is most prominent in women.95 Specific changes in the 
vascular wall, referred to as diabetic macroangiopathy, are prevalent in these 
patients.96 Medial artery calcification, i.e. Mönckeberg’s sclerosis, is often seen and is 
associated with age and the severity of hyperglycemia.97,98 In a study that screened 
newly diagnosed diabetes patients for calcification of the arteries in the thigh medial 
calcification was found in 23% and 11% of the man and women, respectively, and 
intimal calcification was observed in 33% and 13%, respectively.75 It has been shown 
that in patients with diabetes arterial calcifications were more than 4 times more 
prevalent than in subjects without diabetes.99 The arteries are stiffened but not 
occluded.100 Diabetes patients commonly have multiple cardiovascular risk factors like 
dyslipidemia and hypertension. OPG is increased in the tunica media but not in the 
intima of the vasculature of diabetic subjects.101 Moreover, increased serum levels of 
OPG are positively associated with HbA1c levels and hypertension in type 1 diabetic 
patients and might contribute to excessive calcification.102 Also, estradiol together 
with glucose has been shown to stimulate rat bone marrow stromal cells to 
differentiate and express osteoblastic features more than glucose alone.103 Clinically, 
diabetic patients with medial calcifications have a significant excess risk for total 
mortality, stroke mortality and cardiovascular mortality than patients without. They 
also had a significantly higher incidence of coronary heart disease events, stroke 
events and lower extremity amputations.74,75 

Treatment and prevention of calcifications 

Currently there is no evidence-based treatment regimen that can reduce calcification 
of large arteries. Experiments using calcium channel blockers or statins have not been 
convincing.104-106 Although the effect of treating cardiovascular risk factors on the 
progression of large artery calcification has not yet been evaluated, it seems 
reasonable to treat patients according to current guidelines because of their increased 
cardiovascular risk. Some treatments, however, may be associated with an increased 
risk of calcification. For example, long term treatment of patients with coumarins 
could results in accelerated cardiac valve and coronary calcification.41,42 Similarly, in 
end-stage renal disease, treatment of hyperphosphatemia with a calcium-containing 
phosphate binder contains calcium has been associated with more coronary artery 
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calcifications compared to treatments with phosphate binders without calcium 
salts.107 

Summary  

Arterial calcification is an actively regulated process, which involves different stimuli, 
genes and proteins. Patients with calcification, especially of the coronary arteries, 
have an increased cardiovascular risk when compared to similar patients without 
coronary calcification. A possible mechanism is that vascular calcification leads to 
increased arterial stiffness. Therefore, the presence of vascular calcification can be 
seen as an additional risk factor for cardiovascular events. Although there are no trials 
that prove risk reduction from aggressive risk management in patients with arterial 
calcifications, such patients probably benefit when cardiovascular risk factors, like 
hypertension and dyslipidemia, are identified and treated according to current 
guidelines. Moreover, in patient groups with a strongly elevated risk for arterial 
calcification, like renal insufficiency, patient-specific measures are necessary to 
prevent cardiovascular events and possibly arterial calcifications. 
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Abstract  

Background  
Several imaging techniques may reveal calcification of the arterial wall or cardiac valves. Many studies 
indicate that the risk for cardiovascular disease is increased when calcification is present. Recent meta-
analyses on coronary calcification and cardiovascular risk may be confounded by indication. Therefore, this 
meta-analysis was performed with extensive subgroup analysis to assess the overall cardiovascular risk of 
finding calcification in any arterial wall or cardiac valve when using  different imaging techniques.  
  
Methods and results  
A meta-analysis of prospective studies reporting calcifications and cardiovascular end-points was 
performed. Thirty articles were selected. The overall odds ratios (95% confidence interval (CI)) for 
calcifications versus no calcifications in 218,080 subjects after a mean follow-up of 10.1 years amounted to 
4.62 (CI 2.24 to 9.53) for all cause mortality, 3.94 (CI 2.39 to 6.50) for cardiovascular mortality, 3.74 (CI 2.56 
to 5.45) for coronary events, 2.21 (CI 1.81 to 2.69) for stroke, and 3.41 (CI 2,71 to 4.30) for any 
cardiovascular event. Heterogeneity was largely explained by length of follow up and sort of imaging 
technique. Subgroup analysis of patients with end stage renal disease revealed a much higher odds ratio for 
any event of 6.22 (CI 2.73 to 14.14).  
 
Conclusion  
The presence of calcification in any arterial wall is associated with a 3-4 fold higher risk for mortality and 
cardiovascular events. Interpretation of the pooled estimates has to be done with caution because of 
heterogeneity across studies. 
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Introduction 

Several imaging techniques may reveal vascular calcium deposits. Since these deposits 
are not always the prime reason for the investigation, the presence of calcified blood 
vessel walls or heart valves is often not recognized as a clinically important sign of 
vascular risk. Although calcifications may occur in small amounts in the earlier stages 
of atherosclerosis, they are usually seen in more advanced lesions.1 Indeed, various 
studies have observed an increased cardiovascular risk in patients with calcification.2-8 
However, the latter is not a uniform finding.9 This discrepancy may be due to 
differences in methodology, patient selection and baseline risk. Recent meta-analyses 
of the relationship between calcification and vascular risk have focused exclusively on 
coronary calcium scores.10As patients with coronary insufficiency are more likely to be 
subjected to diagnostic imaging than others, part of the relationship between 
coronary calcification and outcome may be confounded by indication. To overcome 
this problem, we performed the present meta-analysis in which we assessed the 
impact of calcium deposits in any artery or heart valve, with different imaging 
techniques, on fatal and non-fatal cardiovascular events as well as total mortality in 
populations with different baseline risk. 

Methods 

To identify studies on vascular calcification (mineralization detected in any part of the 
blood vessel wall or heart valves) and cardiovascular risk, a Pub med, Embase and 
Cochrane library search was performed using the following search terms: “plain 
radiography or chest x-ray or abdominal x-ray or mammography or panoramic 
radiography or ultrasound (US) or computer tomography (CT) or magnetic resonance 
imaging (MRI)” and (cardiovascular risk or calcification). Two investigators (RJMW 
Rennenberg and AA Kroon) screened all abstracts and, after applying the criteria for 
eligibility, decided on whether or not the full papers should be retrieved. All authors 
reviewed qualifying papers. 

Study eligibility 

Only prospective cohort studies were eligible. Paediatric studies were excluded. 
Articles published between 1970 and June 2008, with prospective data on human 
vascular calcification and well-documented end-points were selected. Case reports 
were excluded. Data on events in both groups, with and without calcification, had to 
be reported separately. To be selected for the analysis absolute numbers, i.e. a two-
by-two table, should be extractable from the text. References found in the selected 
papers that fulfilled these criteria were also selected. Only papers published in 
English, German, Dutch and French were considered. When data were published in 
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consecutive articles by the same authors only the article with the most 
comprehensive dataset was considered.8,11-13 

Definition of end-points 

End-points were defined as all cause mortality, cardiovascular mortality (death from 
any cardiovascular cause), coronary event (myocardial infarction, coronary mortality, 
percutaneous coronary angioplasty or coronary artery bypass operation), stroke 
(ischemic and hemorrhagic) and any cardiovascular event (cardiovascular mortality, 
coronary event, stroke, peripheral revascularisation procedures or amputation, 
carotid endarterectomy).  

Statistical analysis  

Studies reporting data suitable to make two by two tables of calcification in relation to 
events were used to compute odds ratio’s using a random effects meta-analysis. 
Because we expected significant heterogeneity, a meta-regression analysis with a 
random effect model was performed, as suggested by Egger et al.,14 taking into 
account the following variables: duration of follow up, type of imaging technique 
(plain radiograph, CT, or US) and baseline risk of the population, estimated as low 
(asymptomatic without known cardiovascular risk factors), intermediate 
(asymptomatic with one or more cardiovascular risk factors or diabetes but no renal 
insufficiency) and high (symptomatic or renal insufficiency). Publication bias was 
assessed with a funnel plot of the risk for any cardiovascular event. Statistical 
calculations were done using the STATA statistical program version 8.2 (copyright 
1987-2005 StataCorp, 4905 Lakeway Drive, College Station, Texas 77845 USA), with 
the latest updates. 

Results 

We originally retrieved over 2,500 articles. Screening of abstracts and exclusion of 
case-reports resulted in 91 remaining original studies on the association between 
human vascular or valvular calcifications and cardiovascular risk. After applying the 
eligibility criteria 61 studies were excluded mainly because they were not prospective 
follow up studies. Only a few studies were excluded because absolute numbers could 
not be extracted or results were not reported as calcification versus no calcification. 
The remaining 30 studies, which are summarized in Table 3.1, could be 
included.3,5-9,13,15-37 Ten studies concerned plain radiography, such as mammograms, 
chest x-rays or x-rays of the peripheral blood vessels (e.g. the femoral artery); ten 
studies had applied CT, mostly of the coronaries, and in 10 studies US had been used, 
predominantly of the heart valves. On plain radiographs vascular calcifications were 
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defined as linear densities in the blood vessel area. With CT vascular calcification was 
defined as any vessel part with a density of 130 Hounsfield units ore more. In the US 
studies highly echogenic plaques producing bright white echoes with shadowing were 
noted as calcifications. No reports with respect to MRI fulfilled the inclusion criteria. In 
these 30 papers, the absolute numbers of events in relation to the presence or 
absence of calcifications were reported, comprising a total of 218,080 subjects. 
Overall, 53% of the subjects were males. The prevalence of vascular calcifications 
varied according to the patient group studied. The lowest prevalence of 2.3% was 
found in an asymptomatic population with a mean age of 47 years in which aortic arch 
calcifications on plain chest x-rays were studied.5 The highest prevalence of 88.9% was 
found in patients (mean age 56 years) with chest pain in whom coronary calcifications 
were measured by electron beam computer tomography (EBCT).24 The median 
prevalence of calcification in all studies was 57.5%. The mean follow up to record the 
number of cardiovascular events in these studies was 10.1 years (range 2-26).  

All cause mortality 

In nine studies, with a total of 3,821 deaths among the 40,747 participants, data on all 
cause mortality were reported.11,17,19,22,27,28,33,36,37 Odds ratios are depicted in Figure 
3.1. Among 16,528 subjects with calcifications 1,589 deaths were observed. Four of 
the studies comprised a population with renal insufficiency in which the event rate for 
all cause mortality in patients with calcifications was more than 5 times higher than in 
patients without calcifications. Overall OR for mortality from all causes was 4.62 (95% 
CI 2.24 to 9.53, Figure 3.1). The odds ratio for all cause mortality in patients without 
renal insufficiency was 3.43 (95% CI 1.26 to 9.32). 

Cardiovascular mortality 

Odds ratios for cardiovascular mortality are also shown in Figure 3.1. A total of 1,356 
cardiovascular deaths were observed among the 17,187 participants in the 9 studies 
that reported data on this complication.8,9,13,22,27,28,30,33,36 Among 3,657 subjects with 
calcifications, 718 cardiovascular deaths were observed. In two of the 9 studies the 
imaging technique was US, one study employed CT, and in the remainder plain 
radiographs were used. The overall OR for cardiovascular mortality in the presence of 
calcifications was 3.94 (95% CI 2.39 to 6.50), but there was significant heterogeneity 
among the studies (Figure 3.1).  
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Figure 3.1 Odds ratios for mortality, all cause and cardiovascular, when calcification is present. 
 Heterogeneity for all cause mortality chi-squared=248.98 (d.f.=8) p=0.000 
 Heterogeneity for cardiovascular mortality chi-squared=61.52 (d.f.=8) p=0.000 

 

Coronary events 

Data on coronary events were available in 16 studies (17,482 events among 173,650 
subjects).3,5,6,8,15,16,22-24,28,29,31,33-35,38 In the 19,261 subjects with calcifications, 1,534 
events were observed resulting in an overall OR of 3.74 (95% CI 2.56 to 5.45; Figure 
3.2). Eight of these studies had utilized CT-scans of the coronaries and 4 plain 
radiography. Thirteen studies originated from a Northern American population and 
most of the studies were done for screening purposes in an asymptomatic population. 
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Average follow up in the CT-studies was only 4 years, but 18.7 years in the studies 
done with plain radiography.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Odds ratios for coronary events and stroke, when calcification is present. 
 Heterogeneity  for coronary events chi-squared=154.86 (d.f.=15) p=0.000 
 Heterogeneity for stroke chi-squared=21.67 (d.f.=10) p=0.017 

Stroke 

Stroke was reported as primary outcome in 11 studies with a total of 154,784 subjects 
of whom 9,889 showed calcifications.5-8,18,25-28,33,39 In the group with calcifications 
there were 874 stroke cases. The total number of events was 10,454. Only one out of 
five studies with ultrasound looked at calcifications of the carotid artery, whereas in 
the other four US of the heart valves was performed. The remaining 6 studies, all with 
plain radiographs, evaluated vascular calcifications of the breast, the thoracic or 
abdominal aorta and peripheral arteries. None of the studies with CT assessed the 
incidence of stroke. The overall OR for stroke was 2.21 (95% CI 1.81 to 2.69) in the 
presence of calcifications anywhere (Figure 3.2).  
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Any cardiovascular event 

In 27 studies with a total of 192,205 patients and 34,958 events, the risk for any 
cardiovascular event could be studied (Figure 3.3).3,5-9,12,15,16,18,22-36,38,39 In the 27,921 
subjects with calcifications, 3,245 events were recorded. The average age was 59 
years, but in the studies that reported the average age for the subjects with and 
without calcifications separately, age was significantly higher in those with 
calcifications (63 versus 56 years, p<0.05). The overall OR for any cardiovascular event 
with any modality was 3.41 (95% CI 2.71 to 4.30). This could be subdivided in an OR of 
2.14 (95% CI 1.65 to 2.77) for ultrasound studies, 3.01 (95% CI 2.16 to 4.20) for plain 
radiographic studies, and 7.26 (95% CI 4.42 to 11.92) for studies using CT as diagnostic 
modality. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Risk for any cardiovascular event when calcification is present. 
 Heterogeneity chi-squared=198.94 (d.f.=26) p=0.000 
 
 
 
 

 

Odds 
ti

.1 1 10

Study  % Weight 
 Odds ratio
(95%CI) 

 2.96 (1.74,5.04) Benjamin 1992   4.4 
 1.58 (0.60,4.17) Kitamura 2004   2.9 
 2.91 (1.72,4.93) Kizer 2005   4.4 
 2.99 (2.13,4.21) Hollander 2003   5.1 
 2.47 (2.28,2.67) Iribarren 2000   5.7 
 6.60 (5.36,8.12) Iribarren 2004   5.5 
 1.71 (1.29,2.27) Kemmeren 1998   5.3 
 2.45 (1.36,4.42) Fox 2004   4.2 
 1.69 (1.19,2.39) Fox 2003   5.1 
 2.01 (1.33,3.03) Gardin 2001   4.9 
 2.76 (2.00,3.80) Walsh 2002   5.2 
 12.36 (2.56,59.77) Taylor 2005   1.6 
 11.08 (5.10,24.07) LaMonte 2005   3.5 
 7.57 (3.69,15.53) Arad 2005   3.7 
 9.56 (5.20,17.58) Kondos 2003   4.1 
 2.16 (1.59,2.94) Lehto 1996   5.2 
 3.56 (1.39,9.10) Niskanen 1994   3.0 
 1.24 (0.76,2.01) Boon 1996   4.6 
 24.10 (3.25,178.70) Raggi 2000   1.1 
 11.50 (6.39,20.68) Becker 2008   4.2 
 4.69 (1.61,13.63) Wong 2000   2.6 
 2.35 (1.30,4.24) Greenland 2004   4.2 
 4.87 (1.94,12.23) Wang 2003   3.0 
 4.10 (1.78,9.44) Okuno 2007   3.3 
 16.53 (0.92,297.31) Salgueira 2003   0.6 
 2.66 (0.56,12.67) London 2003   1.6 
 2.57 (0.33,19.82) Keelan 2001   1.0 

 3.41 (2.71,4.30) Overall (95% CI) 
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Meta regression analysis for any cardiovascular event 

Meta-regression analysis with respect to the outcome of any cardiovascular event 
showed that the type of imaging technique and the duration of follow up were 
significant causes of heterogeneity. After stratifying for imaging technique and follow 
up, the meta-analysis showed substantially lesser or no significant heterogeneity. 
Figure 3.4 is shown as an example for the CT studies. However, the number of studies 
per group was also much smaller giving rise to less chance for heterogeneity. 
When data of high risk populations or populations with renal insufficiency or diabetes 
mellitus were analyzed separately there was also no significant heterogeneity.(chi-
squared=1.52 (d.f.=4) p=0.823, 3.59 (d.f.=3) p=0.309 and 0.98 (d.f.=1) p=0.322 
respectively) (Figure 3.5 and 3.6) 
 
 

              CT only                        CT and follow up shorter than 5 years 
 
 
 
 
 
 
 
 
 
 
 

CT and follow up longer than 5 years 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Results for any cardiovascular event stratified for imaging modality and follow up. 
 Heterogeneity chi-squared in only CT studies=22.32 (d.f.=8) p=0.004 
 Heterogeneity chi-squared in CT studies with follow up shorter than 5 years=3.57 (d.f.=6) 

p=0.735 
 Heterogeneity chi-squared in CT studies with follow up longer than 5 years=0.01 (d.f.=1) 

p=0.934 

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 24.10 (3.25,178.70) Raggi 2000   4.7

 11.50 (6.39,20.68) Becker 2008  15.6

 12.36 (2.56,59.77) Taylor 2005   6.6

 9.56 (5.20,17.58) Kondos 2003  15.3

 4.69 (1.61,13.63) Wong 2000  10.4

 11.08 (5.10,24.07) LaMonte 2005  13.4

 7.57 (3.69,15.53) Arad 2005  14.0

 2.35 (1.30,4.24) Greenland 2004  15.5

 2.57 (0.33,19.82) Keelan 2001   4.5

 7.26 (4.42,11.92) Overall (95% CI)

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 24.10 (3.25,178.70) Raggi 2000   2.3

 11.50 (6.39,20.68) Becker 2008  27.0

 12.36 (2.56,59.77) Taylor 2005   3.8

 9.56 (5.20,17.58) Kondos 2003  25.2

 4.69 (1.61,13.63) Wong 2000   8.2

 11.08 (5.10,24.07) LaMonte 2005  15.5

 7.57 (3.69,15.53) Arad 2005  18.1

 9.59 (7.07,13.02) Overall (95% CI)

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 2.35 (1.30,4.24) Greenland 2004  92.3

 2.57 (0.33,19.82) Keelan 2001   7.7

 2.36 (1.34,4.17) Overall (95% CI)
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Low risk 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Intermediate risk 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

High risk 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Risk for any cardiovascular event due to calcification according to baseline risk. 
 Heterogeneity in the low risk group chi-squared=139.74 (d.f.=14) p<0.001 
 Heterogeneity in the intermediate risk group chi-squared=55.79 (d.f.=6) p<0.001 
 Heterogeneity in the high risk group chi-squared=1.52 (d.f.=4) p=0.823 

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 2.96 (1.74,5.04) Benjamin 1992   6.7
 1.58 (0.60,4.17) Kitamura 2004   4.3

 2.91 (1.72,4.93) Kizer 2005   6.8
 2.99 (2.13,4.21) Hol lander  2003   7.8
 2.47 (2.28,2.67) Iribarren 2000   8.8

 6.60 (5.36,8.12) Iribarren 2004   8.4
 1.71 (1.29,2.27) Kemmeren 1998   8.1
 2.45 (1.36,4.42) Fox 2004   6.4

 1.69 (1.19,2.39) Fox 2003   7.8
 2.01 (1.33,3.03) Gardin 2001   7.4
 2.76 (2.00,3.80) Walsh 2002   7.9

 12.36 (2.56,59.77) Taylor 2005   2.4
 11.08 (5.10,24.07) LaMonte 2005   5.3
 7.57 (3.69,15.53) Arad 2005   5.6

 9.56 (5.20,17.58) Kondos 2003   6.3

 3.34 (2.51,4.43) Overall (95% CI)

 

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 2.16 (1.59,2.94) Lehto 1996  17.8

 3.56 (1.39,9.10) Niskanen 1994  13.6

 1.24 (0.76,2.01) Boon 1996  16.8

 24.10 (3.25,178.70) Raggi 2000   7.0

 11.50 (6.39,20.68) Becker 2008  16.2

 4.69 (1.61,13.63) Wong 2000  12.6

 2.35 (1.30,4.24) Greenland 2004  16.1

 3.65 (1.87,7.12) Overall (95% CI) 

 

Odds ratio
.1 1 10

Study  % Weight
 Odds ratio
 (95% CI)

 4.87 (1.94,12.23) Wang 2003  34.7

 4.10 (1.78,9.44) Okuno 2007  42.5

 16.53 (0.92,297.31) Salgueira 2003   3.5

 2.66 (0.56,12.67) London 2003  12.1

 2.57 (0.33,19.82) Keelan 2001   7.1

 4.20 (2.44,7.23) Overall (95% CI) 
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Figure 3.6 Subgroup analysis for renal insufficiency and diabetes mellitus 
 Heterogeneity in the renal insufficiency group chi-squared=3.59 (d.f.=3) p=0.309 
 Heterogeneity in the diabetes mellitus group chi-squared=0.98 (d.f. = 1) p=0.322 
 

Subgroup analysis 

Most studies have been performed in asymptomatic populations participating in a 
screening program. In some, however, the indication for the test was the presence of 
one or more cardiovascular risk factors. The pooled OR for any cardiovascular event 
was 3.34 (95% CI 2.51 to 4.43) in studies with low baseline risk3,5-8,15,16,18,22,23,25,26,31,32,35, 
3.65 (95% CI 1.87 to 7.12) for populations with intermediate risk9,13,27,29,34,38,39 and 4.20 
(95% CI 2.44 to 7.23) in high risk subjects.24,28,30,33,36(Figure 3.5) There was no 
significant heterogeneity in the latter group for the pooled estimate.  
When only subjects with renal insufficiency were considered the risk for any 
cardiovascular event in the presence of calcifications was even higher.19,28,30,33,36 
(Figure 3.6) All patients were on hemodialysis except for the patients in one study 
who were on continuous ambulatory peritoneal dialysis.33 In these five studies, 
comprising a total of 1098 persons, 124 events were observed. Among the 599 
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patients with calcifications, 104 had suffered an event. Odds ratios for any 
cardiovascular event were 6.22 (95% CI 2.73 to 14.14). This pooled estimate was 
without significant heterogeneity. Although the confidence intervals overlap, it 
seemed that the presence of calcifications had the highest predictive power for a 
cardiovascular or a cerebrovascular event in subjects with renal insufficiency.  
Although 3 studies reported data from diabetic patients, only two of these gave 
sufficient information to calculate odds ratios for cardiovascular mortality (2.27, 95% 
CI 1.70 to 3.04).9,27 Of 1,192 patients, 508 had calcifications on plain radiography of 
the femoral arteries of which 139 of a total of 236 events occurred in the patients 
with calcifications. 

Funnel plot 

A funnel plot of the standard error of log odds ratio was performed to assess a 
possible publication bias (Figure 3.7). This is based on the fact that the precision in the 
estimation, of the underlying effect of finding calcification on outcome, will increase 
as the sample size of component studies increases. Effect estimates from small studies 
will therefore scatter more widely at the right of the graph, with the spread narrowing 
among larger studies to the left of the graph. In the absence of bias, the plot would 
appear to be symmetrical. Although it appears to be rather symmetrical, there are no 
studies in the right lower quadrant suggesting publication bias of small studies 
without any or a positive effect of calcification on cardiovascular events. However 
there was no bias using statistical tests for bias like the Egger (weighted regression) 
method (p for bias 0.24) or the Begg (rank correlation) method.14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Funnel plot of standard error of log(OR) for any cardiovascular event. 
 Begg’s funnel plot of published studies reporting any cardiovascular event. The fact that many 

studies are outside the 95% confidence interval, indicated by the sloping lines, is caused by 
heterogeneity of the studies. 

Begg's funnel plot with pseudo 95% confidence limitsBegg's funnel plot with pseudo 95% confidence limits

  
lo

gO
R

lo
gO

R

s.e. of: logORs.e. of: logOR
00 .5.5 11

-1-1

00

11

22

33



54⏐Chapter 3 

Discussion 

The objective of this meta-analysis was to assess the risks associated with calcification 
of the arterial wall or cardiac valves, as observed with different imaging methods in 
populations with different baseline risk. We showed that the presence of calcification 
with any type of imaging technique in these populations harbors a 3-4 times increased 
risk for mortality and cardiovascular events. 
The present meta-analysis has several limitations. Firstly, it was not possible to adjust 
for age in our analysis, since age was not provided in all studies. Although calcification 
becomes more prevalent with age, we had to use unadjusted data to assess the 
general risk of calcification as seen on any mode of investigation. However, in almost 
all individual studies calcification was an independent risk factor. Adjustment for age 
did not change their outcome substantially. Secondly, the possibility of publication 
bias has to be considered. The asymmetry as seen in the funnel plot suggests that this 
could be the case for small studies with no significant effect on any cardiovascular 
event with calcification. However, statistical tests did not indicate significant 
publication bias. Furthermore, there was significant heterogeneity among the studies 
that could largely be explained by the different investigational tools on the one hand 
and different duration of follow up on the other. For example, patients who are being 
evaluated by CT for coronary symptoms, run a substantially higher risk with a shorter 
time horizon than those in whom calcifications are found accidentally. When we 
analyzed the risk for any cardiovascular event separately in relation to the type of 
imaging technique and time of follow-up (<5 years and >5 years), heterogeneity 
disappeared for the US and CT studies (Figure 3.4), but significant heterogeneity 
remained present in studies using plain radiography with follow-up longer than five 
years. This persistent heterogeneity can possibly be explained by differences in 
population characteristics and calcification. In the studies with diabetic patients 
medial calcification was present in most cases. Medial calcification is associated with 
higher odds ratios for events than intimal calcifications in diabetic patients and might 
thus be an explanation for persistent heterogeneity in radiographic studies with a long 
follow-up period.9 Also the range of follow up time in these populations was much 
greater (2-26 years in plain radiograph studies, 1.5-16 in US studies and 2.7-6.9 in CT 
studies). 
With respect to selection mechanisms and baseline risk, subgroup analysis of a renal 
insufficiency population showed the highest risk. Computer tomography data 
predicted the events best with the highest odds ratio. Moreover, when calcium was 
seen with coronary CT, events occurred after a relatively short follow up period. 
Although coronary calcifications as detected by CT were associated with a greater risk 
of events than calcification in other areas, the difference in study populations 
preclude meaningful conclusions about the superiority of CT relative to other imaging 
modalities. Moreover, compared with plain X-rays or ultrasound studies, non-
contrasted CT scans and EBCT are likely to be more sensitive for detecting small 
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amounts of calcification. Interestingly, in hemodialysis patients were plain 
radiography or US were used to detect calcifications some of the highest odds ratios 
for all cause mortality and cardiovascular mortality were seen.19,28,30,33,36 This might 
reflect their lower sensitivity for detecting any calcification. Half of the studies that 
reported on all cause mortality concerned a high-risk patient group with renal 
insufficiency. This influenced the OR resulting in a relatively high risk for all cause 
mortality. Nevertheless, when we calculated the OR for populations without renal 
insufficiency, this was still significantly increased (3.43; 95% CI 1.26 to 9.32).  
The results of this meta-analysis help to clarify the importance of calcification in all 
sorts of patients. Although the reported odds ratios should be interpreted with 
caution because of substantial heterogeneity across studies, it showed that in almost 
any case of calcification there is an increased cardiovascular risk. It is important to 
realize that subjects with vascular calcification are high-risk patients. Currently, 
however, there is no specific therapy to reduce these calcifications and no evidence to 
support a better cardiovascular outcome with calcification reduction, although data 
from animal research and from human cells in vivo on the actions of matrix Gla 
protein as an active calcification inhibitor show promising results.40-42 The use of 
statins reduces the cardiovascular event rate in almost all patient groups, but data on 
their calcification inhibiting properties are conflicting.43-48  
To our knowledge, there are no studies exploring the effect of treating all 
cardiovascular risk factors in patients based only on the presence of calcifications. 
However, extensive coronary calcifications justify further investigations for coronary 
plaques. Therefore, we feel that the practicing physician is also justified to screen 
subjects, in whom calcifications are accidentally detected, for treatable risk factors. If 
these are present, the cardiovascular risk according to risk charts should be assessed. 
If the outcome exceeds the threshold defined in guidelines, the physician should take 
measures to reduce the cardiovascular risk of his or her patient. 
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Abstract  

Introduction 
Increased vascular stiffness and calcifications are common among patients with hypertension and harbour 
an increased cardiovascular risk. The vitamin K-dependent matrix Gla-protein (MGP) plays an important role 
in preventing arterial calcification. We hypothesized that in hypertension the levels of MGP are already 
lower before calcification and atherosclerosis become manifest.  
 
Methods and results 
We measured the total fractions of both serum desphospho-MGP (t-dpMGP) and uncarboxylated  MGP 
(t-ucMGP) levels in a group of 96 well characterized hypertensive subjects, who underwent renal 
angiography, and compared these levels to those in a healthy control group (n=83). Data on age, sex, 
smoking behaviour, body mass index and blood pressure were collected and venous blood was drawn. 
Abdominal X-rays obtained during renal angiography in the hypertensive group were scored for the 
presence of vascular calcification and atherosclerosis of the abdominal aorta and renal arteries. We 
demonstrate that moderate to severe hypertensives have lower circulating t-dpMGP levels (p<0.001) and 
t-ucMGP levels (p=0.003) compared to healthy controls. MGP levels did not further discriminate between 
the presence or absence of aortic calcification and neither did they correlate with the severity of abdominal 
aorta atherosclerosis on abdominal X-rays in hypertensives.  
 
Conclusions 
Hypertensive patients have significantly lower t-dpMGP and t-ucMGP levels compared to healthy adults, 
but there was no significant correlation of either of these MGP fractions with aortic atherosclerosis or 
calcification in these subjects. 
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Introduction 

Vascular calcification is considered to be an independent marker of increased 
cardiovascular risk.1 Although hypertensive patients have more vascular calcifications 
than normotensive subjects, circulating concentrations of Matrix Gla Protein (MGP), 
an 11 kD vitamin K-dependent protein and a potent inhibitor of calcification, have 
never been measured in this group.2,3 MGP was first discovered in bone and is mainly 
produced by vascular smooth muscle cells and chondrocytes. It appears to accumulate 
at sites of calcification.4-9 MGP modulates the effects of Bone Morphogenetic Protein 
type 2 and binds directly to calcium crystals in the vascular matrix.10 During 
maturation, MGP undergoes two posttranslational modifications: carboxylation 
(which is essential for its calcification inhibitory activity) and phosphorylation (which 
promotes cellular secretion). Circulating levels of total uncarboxylated MGP (t-ucMGP, 
i.e. the sum of phosphorylated and non-phosphorylated ucMGP species) have been 
demonstrated to correlate inversely with arterial calcifications and cardiovascular 
disease and mortality.11-13 In hypertension, less functional MGP, and therefore less 
protection against calcification, may contribute to the tendency of enhanced vascular 
calcification, resulting in increased blood pressures and hence the increased 
cardiovascular risk.14 To explore the potential association between serum MGP levels 
and either atherosclerosis or vascular calcification in hypertensive patients we scored 
the presence of calcification and aortic atherosclerosis on angiographic images in a 
group of well characterized hypertensive subjects and compared the MGP species 
with those of a healthy control group. 

Patients and Methods 

Patients 

We studied 96 consecutive patients who were referred to our outpatient clinic 
because of treatment resistant hypertension and suspicion of renal artery stenosis. As 
a control group, we selected 83 age- and sex-matched, healthy volunteers who 
participated in an osteoporosis screening study. The study protocol had been 
approved by the medical ethics committee and all subjects gave informed consent 
before inclusion in the study. The hypertensive patients were investigated after 
stopping their antihypertensive drugs for three weeks before the scheduled renal 
angiography. Data on age, sex, smoking behavior, body mass index (BMI, kg/m2) were 
collected in both groups whereas blood pressure (average of 3 office measurements 
[Accutorr Plus, Datascope corporation Fairfield, NY, USA]) was assessed only in the 
hypertensive group. In all subjects venous blood was drawn after an overnight fast. 
The images obtained during angiography in the hypertensive group were scored for 
the presence of atherosclerotic renal artery stenosis (>20% reduction in luminal 
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diameter) since the presence thereof is associated with more severe atherosclerosis 
and an increased cardiovascular risk.15 Furthermore, the presence of vascular 
calcification (on antero-posterior and lateral views), and atherosclerosis of the 
abdominal aorta were assessed by an experienced radiologist and two of the authors 
(RR and AK) independently of each other. In case of discrepancies, consensus was 
reached. Based on the images, atherosclerosis could be classified as absent, moderate 
(atherosclerosis without renal artery stenosis), and severe (renal artery stenosis 
present), whereas calcification was scored as present or not present. 

Measurements 

Blood was collected by venapuncture in serum tubes (10 ml; BD Vacutainer systems, 
Plymouth, UK) and stored for 20 minutes at room temperature before centrifugation 
(15 min at 3000 g). Serum was separated and stored at -80˚C until use. Both total 
desphospho-MGP (t-dpMGP, i.e. the sum of carboxylated and uncarboxylated dpMGP 
species) and t-ucMGP were measured. Test kits for t-dpMGP detection in serum were 
obtained from Biomedica (Vienna, Austria) and this test was performed in all 186 
subjects. From 75 patients and 83 controls we had sufficient serum to also measure 
t-ucMGP. Details of both MGP tests have been described elsewhere.16 In the 
hypertensive group we also measured levels of fasting blood glucose, serum 
creatinine, and total cholesterol with an automated analyzer (Beckmann Synchron CX 
7-2, Fullerton, CA, USA). Endogenous creatinine clearance (ECC) was estimated using 
the Cockcroft and Gault formula.17 

Statistical analysis 

Normally distributed variables are expressed as means and standard deviations. Not 
normally distributed data are expressed as medians with their range. To compare the 
difference between means we used Student’s t-test for normally distributed data and 
Mann-Whitney-U test for non-normally distributed data. For between-group 
comparisons of categorical data, Chi-square tests were used. To assess the difference 
between the means of more than 2 groups we used one-way ANOVA. Statistical 
calculations were performed using SPSS for Windows V16.0 (SPSS, Chicago, IL, USA). A 
p-value of <0.05 was considered to denote significance. 

Results 

The characteristics of both groups are shown in Table 4.1. As expected control 
subjects had a lower body mass index but smoking behaviour was not significantly 
different. Figure 4.1 shows the serum t-dpMGP and t-ucMGP distribution: the mean 
serum t-dpMGP and t-ucMGP in the hypertensive group were significantly lower than 
in the control group (5.6±1.4 nmol/l versus 7.2±1.3 nmol/l, p<0.001 and 
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4361±1111 nmol/l versus 4909±1138 nmol/l respectively). It should be noted that the 
absolute concentrations of t-ucMGP were three orders of magnitude higher than 
those of t-dpMGP. In the hypertensive group we found 25 atherosclerotic renal artery 
stenoses, identifying the subjects with severe atherosclerosis of the abdominal aorta 
and renal artery. The characteristics of these hypertensive subjects classified 
according to the severity of atherosclerosis are shown in Table 4.2. Hypertensive 
subjects with more severe atherosclerosis were older, smoked more often, had a 
slightly lower BMI, and their pulse pressure was higher indicating that they had stiffer 
arteries. Their ECC was lower, and their glucose levels were higher. Although there 
appeared to be a trend for lower t-ucMGP and higher t-dpMGP levels in patients with 
more severe atherosclerosis (Table 4.2), the difference between groups was not 
statistically significant (p=0.679 and p=0.083, respectively). As expected, there was a 
strong correlation between atherosclerosis and calcification (r=0,563, p<0.001) but no 
statistically significant correlations were observed between both t-dpMGP or t-ucMGP 
levels and the presence of calcification (p=0.475 and p=0.164, respectively). 
 
Table 4.1 Clinical characteristics of hypertensive and control subjects. 

Variable Control population
n=83 

hypertensive population 
n=96 

p value 

Age (yr) 54 ± 9 53 ± 10 0.541 
Body mass index (Kg/m2) 25 ± 3 27 ± 5 0.006 
Male/female 34/49 53/43 0.057 
(ever) Smoking (%) 51 62 0.081 
Systolic blood pressure (mmHg) nd 170 ± 25  
Diastolic blood pressure (mmHg) nd 101 ± 14  

nd, no data available 
 
 
Table 4.2 Clinical characteristics of 96 hypertensive patients. 

Variable 
No 

atherosclerosis
n=48 

Moderate 
atherosclerosis

n=23 

Severe 
atherosclerosis 

n=25 

Difference 
between 
groups* 

Age (yr) 48 ± 10 56 ± 6 58 ± 6 <0.001 
Male/female 23/25 14/9 16/9   0.348 
(ever) Smoking (%) 40 91 84 <0.001 
Body mass index (kg/m2) 28 ± 5 27 ± 4 25 ± 5   0.054 
Systolic blood pressure (mmHg) 166 ± 26 171 ± 22 178 ± 24   0.170 
Diastolic blood pressure (mmHg) 103 ± 14 100 ± 12 98 ± 15   0.335 
Pulse pressure (mmHg) 63 ± 16 71 ± 15 80 ± 22   0.001 
Creatinine (μmol/l) 84 ± 22 88 ± 23 92 ± 33   0.530 
Estimated Creatinine clearance (ml/min) ¶ 103 ± 22 93 ± 23 84 ± 24   0.010 
Fasting serum glucose (mmol/l) 5.5 ± 1.0 6.5 ± 2.6 6.7 ± 2.3   0.013 
Total cholesterol (mmol/l) 5.4 ± 1.0 5.9 ± 1.4 5.4 ± 1.0   0.278 
t-dpMGP (nmol/l) 5.3 ± 1.5 6.1 ± 1.4 5.6 ± 1.2   0.083 
t-ucMGP (nmol/l) 4610 ± 1188 4157 ± 1024 4065 ± 963   0.152 

* Chi-square with categorical data, otherwise one way ANOVA, ¶ according to the Cockcroft and Gault 
formula, t-dpMGP: total desphospho Matrix Gla Protein, t-ucMGP: total uncarboxylated Matrix Gla Protein 
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Figure 4.1 Serum t-dpMGP (a) and t-ucMGP (b) distribution. 
 Box plot of serum total desphospho-MGP (t-dpMGP) (a) and total uncarboxylatedMGP (t-

ucMGP) (b) distribution. The mean values are indicated by a horizontal bar. In the 
hypertensive group the mean serum t-dpMGP and t-ucMGP concentrations were significantly 
lower than in the control group (p<0.001 and p=0.003 respectively). 

Discussion 

In the present study we demonstrate that t-dpMGP and t-ucMGP are significantly 
lower in treatment-resistant hypertensive patients as compared to healthy controls. 
However, although the correlation coefficient was as expected negative, we found no 
significant association between t-dpMGP or t-ucMGP with either calcification or the 
degree of atherosclerosis of the abdominal aorta. Although t-ucMGP levels appeared 
to be lower in subjects with renal artery stenosis (Table 4.2), this was not statistically 
significant.  
Low circulating levels of both t-dpMGP and t-ucMGP have been reported to be 
associated with the development of cardiovascular disease and vascular calcification 
and may reflect low levels of total MGP synthesis.12,16,18 This is consistent with the 
observation that low constitutive MGP synthesis in the vasculature, e.g. in relation to 
the T -138 C and G -7 A promoter polymorphisms of the MGP gene, was also found to 
be correlated with a higher prevalence of cardiovascular disease although there was 
no significant association of this polymorphism with atherosclerosis or calcification of 
the abdominal aorta.19,20  
Some authors have speculated that in the absence of vascular calcification, most of 
the MGP produced by vascular smooth muscle cells is spilled over to the blood 
stream.6,11 This is in accordance with the data from our study in which t-dpMGP and t-
ucMGP concentrations in hypertensive patients were lower than in healthy controls. 
The mechanism underlying these differences is unclear but may also be related to the 
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increased pressure and shear stress in hypertension which has been shown to change 
the vascular smooth muscle cell fenotype.21-23 Interestingly, in an experimental model 
for high blood pressure and increased shear stress the MGP expression was increased 
several fold.24 Since hypertension is a known risk factor for calcification, we 
hypothesize that the vessel wall responds to the increased shear stress by a) 
maximizing MGP expression and b) increasing cellular MGP secretion. However, the 
vascular vitamin K status has been shown to be insufficient for full MGP carboxylation 
in healthy adults, so probably also in our patient population.25 Hence the increased 
MGP production will largely result in the generation of the inactive MGP. MGP 
phosphorylation has been reported to stimulate cellular MGP secretion.26 Therefore, 
increased phosphorylation may be a second mechanism by which more MGP can be 
set free in the vessel wall, which would explain the decrease in non-phosphorylated 
MGP. Unfortunately, the lack of an assay for phosphorylated MGP hampers testing 
this hypothesis. In all cardiovascular patient groups tested thus far an inverse 
correlation between circulating t-ucMGP and the extent of vascular calcification has 
been observed. This has been explained by binding of ucMGP (via its phosphoserine 
residues) to the calcium precipitates in the vasculature, by fragmentation of MGP or 
lower production due to vascular smooth muscle cell apoptosis or differentiation in 
calcified arteries.16,21,27,28 Such trend with t-ucMGP was observed in our hypertensive 
patients after stratification for extent of atherosclerosis, but the effect did not reach 
statistical significance (Table 4.2).29 The same mechanisms as described above may 
underlie the lack of correlation between t-ucMGP and vascular calcification in our 
study but might become statistically significant in larger populations or when more 
sensitive techniques to detect vascular calcification are used. Currently, placebo 
controlled vitamin K intervention trials in patients with vascular calcification have 
started to test whether increased vitamin K intake may help to optimize MGP 
carboxylation resulting in less calcification, a decrease in blood pressure, or both. 
Our study has several limitations. First, this is a cross-sectional analysis. Therefore, it is 
not possible to establish a cause and effect relationship. Second, we only studied 
treatment-resistant hypertensive patients, and MGP levels as seen in these patients 
may not occur in subjects with milder degrees of hypertension. Third, the number of 
patients we studied may have been too small to detect differences between the 
various hypertensive subgroups. Fourth, the method we used to determine 
calcification is not the most optimal imaging technique to visualise calcification and 
results may vary with the method of imaging. 
In conclusion, treatment-resistant hypertensive subjects have significantly lower 
t-dpMGP and t-ucMGP levels compared to healthy adults. We found no statistically 
significant association between t-dpMGP and t-ucMGP and calcification or 
atherosclerosis. Whether supplementation with high doses of vitamin K should be 
considered as a treatment option by which either the rate of vascular calcification or 
the blood pressure may be decreased should be determined in future research. 
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Abstract  

Objective 
Vascular calcifications are common among patients with hypertension. The vitamin K-dependent protein 
matrix Gla-protein plays an important role in preventing arterial calcification. Since decrease of renal 
clearance in patients with hypertension is a prevalent clinical problem, we aimed to study the renal 
clearance of matrix Gla-protein from the circulation in patients with hypertension and a wide range of 
creatinine clearances.  
 
Methods and results 
From 90 moderate to severe hypertensive patients scheduled for renal angiography, renal arterial and renal 
venous blood was sampled prior to administration of contrast material to determine total renal and single 
kidney clearance of matrix Gla-protein. 
Average renal fractional extraction of matrix Gla-protein was 12.8%. There was no significant correlation 
between creatinine clearance (range 26-154) and renal fractional extraction of matrix Gla-protein in this 
population. The extraction of matrix Gla-protein was not influenced by the presence of a renal artery 
stenosis. 
 
Conclusions 
In this study, we demonstrate that the kidney is able to extract matrix Gla-protein from the plasma  at a 
constant level of 12.8% independent of renal function in hypertensive subjects. 



 Renal clearance of MGP in hypertensives⏐71 

Introduction 

Small peptides usually are able to freely pass the glomerular barrier and their 
extraction by the kidney does not drop until glomerular filtration rate has fallen 
substantially. Previously, we assessed the renal extraction of small hormonal peptides 
such as leptin and growth hormone.1,2 Another peptide, for which it would be relevant 
to measure its renal extraction is matrix Gla-protein (MGP), an 10 KD vitamin 
K-dependent protein and a potent inhibitor of vascular calcifications. Almost all 
tissues, including the kidney, contain carboxylase and vitamin K, necessary to convert 
uncarboxylated MGP into the active carboxylated MGP. Although first discovered in 
bone, MGP is mainly produced by vascular smooth muscle cells and chondrocytes and 
it appears to accumulate at sites of calcifications.3-8 Part of the MGP synthesized in the 
tissues spills over to plasma, where it can be measured in concentrations between 5 
and 19 nmol/l. Because of the insolubility of MGP, this protein probably circulates 
complexed to “chaperone” (lipo) proteins or other structures. An example is the MGP-
mineral complex in which MGP is bound to fetuin to form a soluble complex that can 
be transported by the plasma.9  
Circulating levels of MGP correlate inversely with arterial calcifications and 
cardiovascular disease.10-12 Low serum levels of MGP are associated with a greater 
degree of coronary calcification and angina pectoris.11,12 The carboxylation status of 
MGP is also correlated to markers of active calcification in dialysis patients.13 
Moreover, hypertensive patients have more vascular calcifications than normotensive 
subjects, which may contribute to their increased vascular risk.14 Lower levels of 
circulating MGP may be due to either to less spill over into or to enhanced clearance 
from the circulation. So far, the mechanisms by which MGP is removed from the 
circulation are still elusive and, in particular, no information is available on the role of 
the kidney in MGP clearance. This prompted us to set up the present study which was 
designed to explore whether the kidneys extract MGP and, if so, to what extent. Due 
to the invasive nature of this study, measurements were confined to hypertensive 
patients in whom renal angiography was indicated. Furthermore this protocol allowed 
us to distinguish a potential effect of a renal artery stenosis on MGP handling. This is 
the first publication about MGP extraction in the human kidney. 

Methods 

Patients 

During a 19-months period, consecutive patients were recruited from the Internal 
Medicine outpatient hypertension clinic. All hypertensive patients between 18 and 65 
years of age were routinely screened for the presence of clinical clues indicating renal 
artery stenosis, as defined by the Working Group on Renovascular Hypertension and 
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others.15-17 A total of 133 patients with at least one clinical clue besides hypertension 
were scheduled for renal angiography on suspicion of having renal artery stenosis. In 
90 of these patients antihypertensive drugs, or other types of medication that could 
influence flow through the kidney, could safely be withheld for a period of three 
weeks preceding angiography. These patients were enrolled in the present study after 
they had given written informed consent. The study was approved by our local ethics 
committee. The 43 remaining patients who had to be excluded did not differ from the 
study group with respect to relevant clinical variables (blood pressure levels, sex, age, 
body mass index (BMI), smoking habits, blood glucose, cholesterol levels and 
estimated creatinine clearance).  

Angiography and sampling 

At the angiosuite, catheters were placed into the renal artery and vein without the 
use of contrast material. Subsequently, blood samples were drawn simultaneously 
from the artery and both the left and right renal vein for determination of MGP. In a 
subgroup of the patients we also measured arterial and venous osteocalcin. Blood 
sampling was followed by selective measurements of renal blood flow by means of 
the 133Xenon washout technique.18-20 Angiography was performed only after all 
measurements had been completed to avoid disturbance of renal hemodynamics or 
tubular function by contrast material. Measurements were performed in both the left 
and the right renal vein because previous studies have shown a side difference in 
renal blood flow irrespective of the presence of a renal artery stenosis.21  
To determine the possible excretion of MGP into the urine we also measured MGP 
concentrations in overnight morning urine of 5 healthy volunteers.  

Measurements 

Blood samples were spun immediately at 3000 g for 15 minutes at 4˚C. Serum was 
transferred into separate tubes and stored at -80˚C until use. Test kits for MGP 
detection in serum were obtained from Biomedica (Vienna, Austria). The principle of 
the assay is that of a competitive enzyme-linked immuno-sorbent assay (ELISA) in 
which microwell plates are coated with a mouse monoclonal antibody against human 
MGP. Synthetic MGP peptide in human serum, which was affinity stripped to remove 
native human MGP, is used as calibrator. Biotinylated MGP added simultaneously to 
the wells with standards, samples or controls is used as tracer. Detection of bound 
tracer is accomplished with HRP-labeled streptavidine.12 The test detects total MGP, 
bound and unbound, carboxylated and uncarboxylated. The intra- and inter-assay 
coefficients of variation of this test are both around 10%. Osteocalcin (OC) was 
measured using a commercially available ELISA (Takara bio inc. Japan).22   
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Biochemical variables, including total cholesterol, creatinine and glucose were 
measured using an automated chemistry analyzer (Beckmann Synchron CX 7-2, 
Fullerton CA). Endogenous creatinine clearance (ECC) was calculated from peripheral 
venous creatinine concentrations with the formula of Cockcroft and Gault.23 Human 
kidney tissue was obtained from our department of pathology. After deparaffinization 
and rehydration, tissue was stained for hematoxylin and eosin to demonstrate tissue 
integrity. For immunostaining with mAb MGP antibody, sections were heated in 0.2% 
(w/v) citric acid at pH 6.0 for 15 minutes before washing with phosphate-buffered 
saline and incubation with anti-MGP3-15 (5 µg/ml). All antibodies were diluted in 
blocking reagent (Roche Diagnostics, Mannheim, Germany). Negative control was 
performed by substitution for an irrelevant antibody. Biotinylated sheep anti-mouse 
IgG (Amersham Biosciences, Little Chalfont, UK) was used as a second antibody, 
followed by incubation with avidin-linked alkaline phosphatase complex (Dako, 
Golstrup, Denmark); staining was performed by the alkaline phosphatase kit I (Vector 
Laboratories, Burlingame, CA). All specimens were counterstained using hematoxylin 
and sections were mounted using imsol-mount. 

Calculations 

Mean renal blood flow (MRBF) was determined by means of the 133Xenon-washout 
technique as described previously.20,24 Flow data were analyzed for the right and the 
left kidney separately and expressed in ml.min.-1(100g of renal tissue)-1. Mean renal 
plasma flow (MRPF) was calculated with the formula MRPF=MRBF × (1-Ht), where Ht 
is the arterial hematocrit. Total arterial MGP delivery to the kidneys amounts to: 
arterial MGP × (MRPFL + MRPFR), where MRPFL and MRPFR represent mean renal 
plasma flow through the left and right kidney, respectively. Single kidney fractional 
extraction (SKFE) of MGP was derived from the formula: ((A-V)/A) × 100%, where A 
and V represent the MGP concentrations in the renal artery and vein. Renal MGP 
uptake by each kidney was computed as mean renal plasma flow × (arterial MGP 
concentration - renal venous MGP concentration) and expressed in pmol.min-1(100g)-1. 
Total renal uptake was taken as the sum of the uptake by the right and the left kidney. 
Total venous efflux of MGP can be calculated as: (VL × MRPFL) + (VR × MRPFR) where VL 
and VR represent the concentrations of MGP in the left and right renal vein 
respectively. Renal fractional extraction (RFE) of MGP can be derived from the formula 
(total arterial delivery - total venous efflux) × (total arterial delivery)-1 × 100%. Total 
renal clearance of MGP can be calculated as: (SKFEL × MRPFL

 ) + (SKFER  × MRPFR). For 
OC we calculated single kidney fractional extraction and renal uptake for the left 
kidney, since only samples from the left side were taken for comparison. 

Statistical analysis 

Normally distributed variables are expressed as means with standard deviations. Data 
which show a non-normal distribution are expressed as median and ranges. Renal 
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MGP and OC extraction were correlated with clearance parameters by use of 
Spearman correlation. To assess differences between means the unpaired t test was 
used. Welch’s correction was applied when the variances were significantly different. 
Statistical calculations and data management were performed using SPSS for 
Windows V11.0 (SPSS, Chicago, IL). A p-value of <0.05 was considered to denote 
statistical significance. 

Results 

Of the 133 hypertensive patients who underwent angiography, 90 patients were 
without medication at the time of the procedure. Table 4.1 shows the anthropometric 
characteristics of these patients. In a total of 18 kidneys in 12 patients 133Xenon 
washout measurements were impossible or incomplete, e.g. due to misplacement of 
the catheter or because the renal artery was too narrow to allow the catheter to be 
advanced far enough. In 23 of the 90 patients renal angiography showed renal artery 
stenosis of varying degree with a minimum of 20%. In eight patients bilateral renal 
artery stenosis was present. Patients with renal artery stenosis were significantly 
older, (had) smoked more often and had a significantly lower ECC (Table 5.1).  
 
Table 5.1 Clinical characteristics of the study population. 

Variable 
 

All subjects 
n=90 

Subjects with 
RAS 
n=23 

Subjects without 
RAS 

n=67 

p-value 

Age (yr)  52 ± 10  58 ± 6  50 ± 10  0.0001† 

Body mass index (kg/m2)  27 ± 5  26 ± 5  28 ± 4  0.11 
Male/female (n) 51/39 16/7 35/32  0.15 
(ever) Smoking (%) 62 83 55  0.02 
Systolic blood pressure (mmHg)  164 ± 24  171 ± 23  162 ± 24  0.15 
Diastolic blood pressure (mmHg)  97 ± 14  97 ± 14  98 ± 14  0.73 
Creatinine (μmol/L)  87 ± 26  93 ± 34  85 ± 23  0.29† 

Creatinine clearance  (ml/min) 
  (median, range) 

 97 ± 26 
98, 26-154 

 86 ± 29 
80, 29-153 

 101 ± 24 
99, 26-154 

 0.02 
 0.02 

Fasting serum glucose (mmol/l)  6.1 ± 2.0  6.7 ± 2.4  5.9 ± 1.8  0.14† 

Total cholesterol (mmol/l)  5.5 ± 1.1  5.5 ± 1.0  5.6 ± 1.2  0.72 

Data are shown as mean ± SD; RAS = renal artery stenosis; there was no significant correlation between 
body mass index  or age and MGP levels; †, Unpaired t test with Welch’s correction, comparing subjects 
with and without RAS. 

 
Concentrations of MGP were lower in renal venous than in arterial blood. Arterial 
MGP averaged 6.4 nmol/l ± 1.5 (mean ± SD) whereas the average MGP concentrations 
in the left and the right renal vein were 5.5 ± 1.4 and 5.7 ± 0.7 nmol/l respectively 
(Table 5.2). A significant positive relationship was found between arterial MGP 
concentrations and both left and right venous MGP concentrations. (r=0.78, p<0.0001 
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and r=0.63, p<0.0001, respectively) and also between arterial and renal vein 
concentrations of OC (r=0.89, p<0.0001, Figure 5.1). Plotting total renal venous 
outflow against arterial delivery (Figure 5.2), shows that MGP is extracted by the 
kidney and that the renal extraction efficiency is constant over a wide range of arterial 
delivery. Overall fractional renal extraction of MGP was 12.8%. Overall fractional renal 
extraction of OC was 31.7%.  
 
Table 5.2 Renal clearance assessments analysed per kidney. 

Variable  
 

All subjects 
 

n=90 

Left  
kidney 
n=90 

Right  
kidney 
n=90 

Kidneys 
with RAS  

n=31 

Kidneys 
without RAS 

n=149 

p value * 

Left renal vein MGP (nmol/l) 5.5 (1.4) 5.5 (1.4) - 5.7 (1.2) 5.4 (1.4) 0.47 

Right renal vein MGP (nmol/l) 5.7 (0.7) - 5.7 (0.7) 6.3 (1.9) 5.6 (1.2) 0.20† 

Arterial MGP (nmol/l) 6.4 (1.5) - - 6.8 (1.7) 6.3 (1.4) 0.16 

Mean renal plasma flow 
(ml/min./100g of renal tissue) 

- 109 (36.8) 131 (40.2) 87.3 (35.8) 127.9 (35.8) <0.0001 

Total venous efflux (nmol/l) 1307 (409.3) - - - -  

Total arterial MGP delivery 
(nmol/l) 

1508 (467.9) - - 1187 (454.4)‡ 1555 (468.3)‡ 0.002 

Total renal uptake 
(pmol/min./100g of renal tissue) 

198 (186.4) - - - -  

Total renal uptake left kidney 
(pmol/min./100g of renal tissue) 

94.9 (99.8) - - 105.0 (84.3) 92.7 (103.4) 0.67 

Total renal uptake right kidney 
(pmol/min./100g of renal tissue) 

95.6 (160.2) - - 10.2 (84.9) 111.1 (166.1) 0.004† 

SKFE (%) - 14 (12.8) 10 (14.5) - -  

Renal fractional extraction (%) 12.8 (11.1)   11.5 (13.2) 12.6 (10.5) 0.98 

MGP clearance (ml/min./100g of 
renal tissue) 

28 15 13 10 16 0.07 

Data are shown as mean ± SD; * comparison between stenosis present and absent SKFE = single kidney 
fractional extraction; †, Unpaired t test with Welch’s correction because of significantly different variances; 
‡ results applicable to patient not to single kidney 

 
 
Thirty-five of the patients had normal renal function while 22, 26, 5, 2 and 0 patients 
were in chronic kidney disease stages 1, 2, 3, 4, and 5 respectively. There was no 
correlation between either serum creatinine or ECC and the renal fractional extraction 
of MGP (r=0.15, p=0.2 and r=0.04 p>0.7 respectively).(Figure 5.3a) However, renal 
fractional extraction of OC, which was only measured at the left side, showed a 
significant but weak correlation with ECC (r=0.35 p=0.03). Renal extraction of MGP 
and OC did not correlate with age, blood pressure (Figure 5.3b), the presence of 
stenosis or 24-h albumin excretion.   
The fact that the kidneys are involved in the extraction of MGP from the circulation 
may imply that MGP-related peptides are found in urine. However, in the overnight 
morning urine of 5 healthy volunteers urine-MGP concentrations averaged only 
1.14 nmol/l (range 0 to 1.8). This is close to the lower detection limit and suggests 
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that virtually no detectable forms of MGP are excreted in urine. Unfortunately, 
proteolytic decay cannot be excluded completely because no protease inhibitors were 
added to the collected urine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Correlation between arterial and venous concentrations of Matrix Gla protein and 

Osteocalcin. 
 Extraction of MGP and OC versus arterial concentration of MGP and OC showing increased 

extraction with increasing arterial concentration. The line of identity represents no effect on 
MGP and OC concentration when blood passes through the kidney. 
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Figure 5.2 Total venous effluence versus total arterial delivery of Matrix Gla protein. 
 Total venous efflux of MGP plotted against total arterial delivery. The line of identity 

represents no effect on MGP concentration when blood passes through the kidney. The 
majority of the patients are depicted below the line of identity indicating extraction of MGP 
from the circulation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 a Correlation between renal function and renal fractional extraction of MGP. 
  Renal fractional extraction of MGP showing no correlation with endogenous creatinine 

clearance estimated by the Cockcroft and Gault formula. 
 b  Correlation between mean arterial pressure and renal fractional extraction of MGP 
  Renal fractional extraction of MGP showing no correlation with mean arterial pressure 

(calculated from 24 hour ambulatory blood pressure measurement) 
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Discussion 

In the present study we demonstrated that the kidney is able to extract MGP from the 
circulation. This extraction of MGP is independent of renal function and the presence 
of renal artery stenosis or albuminuria, although we must admit that patients with 
more advanced stages of chronic kidney disease were either excluded (stage V) or 
relatively underrepresented (stage III and IV). As there is virtually no excretion of MGP 
into the urine of healthy volunteers, our data are compatible with the view that the 
extracted MGP is metabolized on its way through the kidney. However, we cannot 
fully exclude the possibility that normal tubular cell- and brush border function might 
be impaired in subjects with renal artery stenosis or renal insufficiency, thus resulting 
in incomplete reabsorption and breakdown of MGP which might then be detectable in 
urine. Given its small size, MGP is likely to be filtered by the glomerulus and then 
reabsorbed and broken down in the proximal tubuli. This mechanism has been 
demonstrated for many other small proteins like leptin, and growth hormone.1,2 
Moreover, on the basis of its small size, Price et al suggested that MGP is rapidly 
cleared by the kidney.9 Although clearance might be impaired because of MGP being 
complexed to larger structures, experimental data on this issue are lacking. So far, 
attemps to determine the exact molecular size of the fetuin mineral complex have 
been unsuccesfull, but it is likely to be greater than 250 KD.9 Thus, it is unlikely that 
the complexed form of MGP is filtered by the glomerulus. The fractional extraction of 
total MGP (bound or unbound to carriers) passing through the kidney was 12.8%. It 
should be emphasized, however, that our data on renal extraction of MGP are valid 
only when there is no renal production of this protein. We do not know whether this 
is truly the case. Indeed, high levels of MGP mRNA have been reported in the kidney, 
were it was found in discrete tissue specific cell types.6,10,25,26 Using an MGP antibody 
we stained apparently healthy kidney tissue obtained from our department of 
pathology. The control was done with a nonsense antibody and was negative. It can 
be seen that MGP is abundantly present in the epithelial cells of the distal tubules 
(Figure 5.4). This localization suggests local production of MGP because in the distal 
tubules there is virtually no protein reabsorption. MGP can also be seen in the small 
arterioles of the kidney, mainly aligned along the elastic lamina. Therefore, it is 
possible that part of the venous MGP is  produced by the kidney. If this is really the 
case, the true extraction of MGP by the kidney would be even greater than measured 
in this study.  
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Figure 5.4 MGP in a human renal biopsy specimen. 
 The immunohistochemical localization of MGP in a human kidney specimen. A section 

displaying distal tubules was stained with anti-MGP-antibodies (dark grey, arrow) and 
counterstained with haematoxylin. The control sample, which was stained with a nonsense 
antibody, was negative (data not shown). 

 

 
Because it cannot entirely be excluded that some MGP is produced in the kidney, 
which might influence actual clearance as assessed by our method, we also measured 
osteocalcin (OC) concentrations in samples from renal arterial blood and the left renal 
vein25,27. OC is comparable to MGP with respect to electrical charge and is only slightly 
different in size (5.8 kD vs 10 kD). It is, therefore, assumed to have the same clearance 
characteristics as MGP. Since OC is exclusively produced by osteoblasts and 
odontoblasts the renal clearance of this peptide is not influenced by its production.28 
To estimate MGP clearance assuming there is no production we measured clearance 
of OC. From OC also only fragments can be measured in urine.29,30 The observed 
difference in clearance of about 19% between MGP and OC might suggest that this 
percentage of venous MGP is added to the blood flowing through the kidney by 
production.  
Renal calcification, inflammation or oxidized LDL are among the factors that stimulate 
osteogenic regulatory genes, which may induce up-regulation of renal MGP 
expression.31 Some authors have speculated that if calcification is totally absent most 
of the MGP produced by vascular smooth muscle cells in the matrix is spilled over to 
plasma, thereby increasing its concentration in the venous effluent relative to arterial 
levels.6,10 Whether hypertension and associated oxidative stress cause increased 
vascular calcification and therefore less “spillover” of MGP to the circulation or vice 
versa, or that lower MGP levels cause arterial calcification with increased arterial 
stiffening eventually resulting in hypertension, is not known. The fact that the 
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majority of hypertensive patients have no obvious vascular calcifications together 
with our finding that venous MGP levels are comparable between subjects without or 
with renal artery stenosis speaks in favour of the blood pressure related “trapping” of 
MGP in the vessel wall.  
Clearly, our study has some limitations. Amongst others, the test used to measure 
MGP detects total MGP antigen. At present, it is impossible to distinguish between 
different conformations of MGP or between free MGP and MGP present in the 
mineral complex bound to fetuin. Since the latter is too large to be removed by 
filtration in the kidney, the amount of MGP that is actually extracted most likely 
represents the unbound fraction of MGP. This may, in fact, be another explanation for 
the small differences between arterial and renal venous MGP levels. Another 
limitation of our study may be the exclusion of 43 out of 133 consecutive patients 
because they could not stop their medication prior to angiography. However, since 
their clinical characteristics were comparable to the patients who did participate, it is 
unlikely that this has caused significant bias.  
In conclusion, we demonstrated that the kidney is able to extract MGP from the 
circulation and that this extraction is not impaired when renal function is jeopardized.  
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Abstract  

Introduction 
Arterial calcification is associated with a higher cardiovascular risk. Among the potential mechanisms 
explaining this association are increased arterial stiffness and greater peripheral resistance resulting in 
increased mean arterial pressure. Arterial calcification is actively regulated and matrix Gla protein (MGP) 
plays a central role in its inhibition. To become fully functional, MGP needs to undergo two 
posttranslational modifications, i.e. phosphorylation and carboxylation. We investigated the association 
between non-phosphorylated and uncarboxylated MGP (dp-ucMGP), which thus is a marker of insufficient 
inhibition of calcification, arterial stiffness and blood pressure.  
 
Methods 
We studied 822 individuals from the Hoorn Study. Dp-ucMGP, blood pressure and arterial stiffness were 
measured. We tested for linear trends of individuals’ characteristics across tertiles of dp-ucMGP and 
performed multiple linear regression analyses. 
 
Results 
Levels of dp-ucMGP were higher in older individuals, women, individuals with higher body mass index and 
greater waist to hip ratio, and individuals with impaired glucose metabolism or type 2 diabetes, higher 
blood pressures, prior cardiovascular disease, smoking, and lower estimated glomerular filtration rate. 
Multiple regression analysis showed that higher levels of dp-ucMGP were significantly associated with with 
greater carotid artery Young’s elastic modulus (β=0.110, p=0.032) and with greater systemic arterial 
compliance (β=0.116, p=0.002), and with higher systolic (β=1.584, p=0.003), diastolic (β=0.913, p=0.009) 
and mean arterial pressure (β=1.137, p=0.008). 
 
Conclusion 
These results suggest that MGP, possibly through its effects on large and small artery calcification, may 
influence arterial stiffening and blood pressure. 
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Introduction 

Arterial calcification is associated with a higher risk for cardiovascular events.1 The 
mechanisms explaining this association are not fully understood, but may involve at 
least two pathways. First, calcification of large arteries increases arterial stiffness, 
which in turn increases the risk for left ventricular hypertrophy, myocardial infarction 
and stroke.2,3 Second, calcification of smaller arteries4,5 may contribute to greater 
peripheral resistance which, other things being equal, will increase mean arterial 
pressure.6,7 
Arterial calcification is not an inert endpoint of atherosclerosis but an actively 
regulated process,8,9 with mediators that stimulate and inhibit calcification, 
respectively.10 Among the inhibitors, matrix Gla protein (MGP) plays a central role, 
both by inhibiting the calcification-stimulating effect of bone morphogenetic protein 
type 2 and by preventing calcium deposition locally in the vascular wall.11 MGP is an 
11 kD vitamin K-dependent protein which accumulates at sites of calcification.12 
Although it was first discovered in bone, it is mainly produced by vascular smooth 
muscle cells and chondrocytes.13-16 During its cellular synthesis, MGP may undergo 
two posttranslational modifications: carboxylation (essential for its calcification 
inhibitory activity) and phosphorylation (promoting cellular secretion and local 
retention, and thus activity).17 It is currently thought that the plasma level of MGP 
which is not phosphorylated and uncarboxylated (dp-ucMGP; as assessed by a dual 
antibody assay) is the best reflection of insufficient inhibition of calcification.18-21   
These data raise the possibility that dp-ucMGP is a determinant not only of arterial 
calcification, but also of arterial stiffness and blood pressure. In view of these 
considerations, we tested the hypothesis that dp-ucMGP is associated with arterial 
stiffness and blood pressure in elderly individuals from a population-based cohort. 

Methods 

For the present study, we used data from the 2000 Hoorn Study follow-up 
examination and data from a diabetes screening study, both of which were 
population-based. The exact composition of the study sample has been described in 
detail elswhere.22 The study included 822 individuals, of whom 290 had normal 
glucose metabolism (NGM), 187 had impaired glucose metabolism (IGM), and 345 had 
type 2 diabetes mellitus (DM2). The local ethics committee approved the study. All 
participants gave their written informed consent.  

General data 

Health status, medical history, smoking behaviour, and current medication use were 
assessed by a questionnaire.23 Body mass index and the waist-to-hip ratio were 
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calculated. Venous blood was drawn to prepare citrated plasma and all samples were 
stored at -80oC until use. Fasting glucose, glycated haemoglobin, serum total, high-
density- and low-density-lipoprotein cholesterol, and triglycerides were determined as 
described previously.24 Glomerular filtration rate (eGFR) was estimated from fasting 
creatinine levels using the MDRD formula.25 Dp-ucMGP was measured in plasma using 
a sandwich ELISA (VitaK BV, Maastricht, The Netherlands).17,26 

Blood pressure and arterial stiffness estimates 

Brachial systolic (SBP) and diastolic (DBP) pressures were assessed with the patient in 
supine position in the left upper arm at 5-minute intervals with an oscillometric device 
(Colin Press-Mate, BP-8800, Komaki, Aichi, Japan). The average of 8 blood pressure 
measurements done in the supine position during the ultrasound investigations was 
calculated. Brachial pulse pressure was calculated as mean systolic minus mean 
diastolic pressure, and brachial mean arterial pressure (MAP) as (2 mean diastolic 
pressure + mean systolic pressure)/3. 
We assessed arterial stiffness estimates of the aorta, the carotid artery, the brachial 
artery, and the femoral artery. Aortic pressures were derived by tonometry with a 
piezo-resistive pressure transducer (SPT-301, Millar Instruments, Houston, Texas, 
USA) connected to a waveform analysis device (SphygmoCor, AtCor Medical, West 
Ryde, New South Wales, Australia) as described previously.22 A single observer 
unaware of the participants’ clinical status obtained properties of the right common 
carotid (10 mm proximal to the carotid bulb), the right common femoral (20 mm 
proximal to the flow divider), and the right brachial (20 mm proximal to the 
antecubital fossa) arteries, with the use of an ultrasound scanner equipped with an 
7.5-MHz linear probe (350 Series, Pie Medical, Maastricht, The Netherlands). The 
scanner was connected to a PC equipped with vessel wall movement detection 
software and an acquisition system (Wall Track System, Pie Medical, Maastricht, The 
Netherlands). This setup enables measurements of diameter, distension, and intima-
media thickness (IMT).22,27,28 The mean diameter, distension, and IMT of 
3 measurements were used in the analyses. Pulse pressure at the carotid and femoral 
artery was calculated according to the calibration method described by Kelly and 
Fitchett, with use of distension waveforms as adapted by Van Bortel et al.29,30 
Distensibility and compliance coefficients were calculated from diameter, distension, 
and pulse pressure, as follows.31 

Distensibility coefficient = (2∆D * D + ∆D2)/(∆P * D2) in10-3 * kPa-1 
Compliance coefficient = π(2D * ∆D + D2)/(4 * ∆P) in mm2 * kPa-1, 

where ∆D is distension, D is diameter, and ∆P is pulse pressure. The distensibility 
coefficient reflects the arterial elastic properties, whereas the compliance coefficient 
reflects the arterial buffering capacity. From IMT, diameter, and carotid distensibility, 
we calculated Young’s elastic modulus (Einc), an indicator of the intrinsic elastic wall 
properties:  
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Einc = diameter/(IMT * distensibility coefficient) in kPa 
The reproducibility of these methods was described in detail elswhere.22 

Statistical analyses 

We used ANOVA (or χ2 tests for dichotomous variables) to test for a linear trend of 
subject characteristics across tertiles of dp-ucMGP. Multiple linear regression analyses 
were used to investigate the associations between dp-ucMGP (key independent 
variable) and blood pressure and arterial properties (outcome variables). Because the 
Hoorn Study population was stratified according to age, sex, and glucose tolerance 
status (i.e. NGM, IGM and DM2) and the outcome variables are affected by age, sex, 
glucose tolerance status and, for arterial stiffness estimates, mean arterial pressure,32 
these variables were considered in adjusted models. We used brachial mean arterial 
pressure obtained during the ultrasound assessment of arterial stiffness for all 
adjustments because mean arterial pressure is constant throughout the arterial tree33 
and because brachial pressures thus obtained were determined more precisely than 
at the initial assessment (because of the greater number of observations). Then, we 
additionally adjusted for other potential confounders or mediating variables (i.e. prior 
cardiovascular disease, use of blood pressure lowering medication, current smoking 
and body mass index). Because compromised kidney function (i.e. eGFR) might 
influence stiffness and the clearance of small proteins like MGP, we additionally 
adjusted the analyses for eGFR in order to investigate the extent to which this variable 
explained (i.e. attenuated) the associations between dp-ucMGP and outcome 
variables. To investigate whether the associations between dp-ucMGP and the 
outcome variables differed according to glucose tolerance status (i.e. NGM, IGM or 
DM2), we added interaction terms between dp-ucMGP and glucose tolerance status 
to the models.  
In order to enable comparison of the strength of all associations, we used 
standardized values of the variables regarding arterial properties.  
All statistical analyses were carried out using the Statistical Package for Social 
Sciences, version 15.0 (SPSS Inc., Chicago, IL, USA). A p-value <0.05 was considered 
statistically significant. 

Results 

In 116 subjects, either the plasma sample volume was insufficient for measurement of 
dp-ucMGP (n=70) or the data on main potential confounders or mediating variables 
were incomplete (age, sex, glucose tolerance status, height or MAP, n=46). The 116 
individuals excluded, compared to those included, were significantly younger, had a 
higher BMI, were more frequently diabetic, had higher blood pressures and MAP, and 
a lower eGFR (data not shown). Table 6.1 shows subjects’ characteristics according to 
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tertiles of dp-ucMGP (n=706). Dp-ucMGP levels were significantly higher in older 
subjects, women, subjects with higher body mass index and greater waist-to-hip ratio, 
and subjects with impaired glucose metabolism or type 2 diabetes, higher blood 
pressures, prior cardiovascular disease, non-smokers, and lower estimated glomerular 
filtration rate.  
 
Table 6.1 Baseline characteristics of the study population according to tertiles of plasma dp-ucMGP 

 Plasma dp-ucMGP in pM 
 <427 

(n=235) 
427-651 
(n=236) 

>651 
(n=235) 

p for trend 

Age (y)  66.5 ± 7.0  69.0 ± 6.6  70.3 ± 6.5 <0.001 
Sex (m/f) (n) 131/104 129/107 93/142 <0.001 
Body mass index (kg/m2)  26.3 ± 3.6  27.6 ± 3.8  28.3 ± 3.4 <0.001 
Waist-to-hip ratio     
     Men  0.97 ± 0.07  0.99 ± 0.06  1.01 ± 0.06 <0.001 
     Women   0.85 ± 0.07  0.88 ± 0.13  0.89 ± 0.08   0.003 
NGM/IGM/DM2 (%) 46/18/36 41/24/35 31/30/39   0.030 
Antidiabetic medication (%) 6 6 10   0.162 
HbA1c (%)  6.0 ± 0.8  6.1 ± 0.7  6.1 ± 0.8   0.307 
Total cholesterol (mmol/l)  5.6 ± 1.1  5.7 ± 1.0  5.7 ± 1.0   0.526 
HDL-cholesterol (mmol/l)  1.4 ± 0.4  1.4 ± 0.4  1.4 ± 0.4   0.612 
LDL-cholesterol (mmol/l)  3.6 ± 0.9  3.7 ± 0.9  3.6 ± 0.9   0.324 
Triglycerides (mmol/l)  1.5 ± 0.9  1.5 ± 0.7  1.6 ± 0.8   0.156 
Lipid-lowering medication (%) 11 18 19   0.017 
Supine systolic blood pressure (mmHg)  138 ± 20  143 ± 18  148 ± 21 <0.001 
Supine diastolic blood pressure (mmHg)  76 ± 9  78 ± 9  78 ± 9   0.013 
Pulse pressure (mmHg)  62 ± 14  65 ±14  70 ± 17 <0.001 
Mean arterial pressure (mmHg)  97 ± 12  100 ± 11  102 ± 12 <0.001 
Hypertension (%) 60 70 77 <0.001 
Blood pressure lowering medication (%) 25 37 48 <0.001 
Prior cardiovascular disease (%) 44 46 53   0.049 
Current smoking (%) 19 15 11   0.020 
eGFR (ml/min per 1.73 m2 BSA)  64 ± 10  60 ± 11  58 ± 12 <0.001 

Data are expressed as mean ± SD or percentages. NGM, normal glucose metabolism; IGM, impaired glucose 
metabolism; DM2, type 2 diabetes; eGFR, glomerular filtration rate as estimated by the MDRD formula. 

 
 
Table 6.2 shows arterial wall properties according to tertiles of dp-ucMGP. Higher 
dp-ucMGP levels were associated with lower distensibility and compliance coefficients 
in the carotid, brachial and femoral arteries; with a greater Young’s elastic modulus in 
the carotid artery; with a greater aortic augmentation index; and with lower systemic 
arterial compliance. In addition, higher dp-ucMGP levels were associated with greater 
diameters (carotid and brachial arteries), less distension (carotid artery), and greater 
pulse pressures (carotid, brachial and femoral arteries).  
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Table 6.2 Arterial wall properties according to tertiles of plasma dp-ucMGP 

 Plasma dp-ucMGP in pM 

 <427 441-651 >651 
p for trend 

Carotid artery (n=624*)     
   Diameter (mm)  7.8 ± 1.1  8.1 ± 1.1  8.1 ± 1.1   0.001 
   Distension (µm)  353 ± 111  352 ± 94  330 ± 116   0.044 
   Pulse pressure (mmHg)  59 ± 14  61 ± 14  67 ± 20 <0.001 
   Intima media thickness (mm)  0.85 ± 0.16  0.88 ± 0.18  0.87 ± 0.17   0.147 
   Distensibility coefficient (10-3/kPa)  12.7 ± 4.6  11.6 ± 4.1  10.5 ± 4.5 <0.001 
   Compliance coefficient (mm2/kPa)  0.58 ± 0.26  0.57 ± 0.19  0.51 ± 0.23   0.004 
   Young’s elastic modulus (103kPa)  0.87 ± 0.47  0.93 ± 0.37  1.11 ± 0.66 <0.001 
Brachial artery (n =632*)     
   Diameter (mm)  4.6 ± 0.7  4.8 ± 0.7  4.6 ± 0.7   0.002 
   Distension (µm)  145 ± 69  147 ± 69  142 ± 65   0.743 
   Pulse pressure (mmHg)  62 ± 14  65 ± 14  70 ± 17 <0.001 
   Distensibility coefficient (10-3/kPa)  8.2 ± 4.4  7.6 ± 3.9  7.3 ± 3.8   0.070 
   Compliance coefficient (mm2/kPa)  0.13 ± 0.07  0.13 ± 0.07  0.12 ± 0.06   0.026 
Femoral artery (n=600*)     
   Diameter (mm)  10.1 ± 1.7  10.1 ± 1.7  9.9 ± 1.5   0.217 
   Distension (µm)  214 ± 84  203 ± 64  200 ± 71   0.114 
   Pulse pressure (mmHg)  67 ± 16  71 ± 17  74 ± 20 <0.001 
   Distensibility coefficient (10-3/kPa)  5.2 ± 2.5  4.6 ± 1.7  4.4 ± 2.0   0.001 
   Compliance coefficient (mm2/kPa)  0.41 ± 0.22  0.36 ± 0.17  0.33 ± 0.17 <0.001 
Central arterial stiffness     
   C-F transit time (ms) (n=296#)  56 ± 17  54 ± 16  52 ± 17   0.403 
   Aortic AIx (%) (n =583*#)  31 ± 9  32 ± 9  34 ± 8   0.032 
   SAC (ml/mmHg) (n=526*)a  0.77 ± 0.30  0.73 ± 0.33  0.69 ± 0.29   0.063 
   SAC (ml/mmHg) (n=586*)b  1.07 ± 0.35  1.07 ± 0.36  0.96 ± 0.31   0.002 

Data are expressed as mean ± SD or percentages. C-F, carotid to femoral; AIx, augmentation index; SAC, 
systemic arterial compliance. a as estimated by the time decay method; b as estimated by the stroke volume 
to pulse pressure ratio; * these variables could not be assessed in all subjects because of logistical or 
technical difficulties, the latter mainly due to obesity (body mass index of those with qualitatively 
satisfactory examinations versus those without, 26.9 ± 3.3. vs. 30.5 ± 4.5 kg/m2, p<0.001); # this variable was 
not available in all subjects owing to device availability. 

 
 
Table 6.3 shows the results of multivariable regression analyses with blood pressures 
as outcomes. After adjustment for age, sex, glucose tolerance status, the use of blood 
pressure lowering medication, prior cardiovascular disease, smoking, body mass index 
and estimated glomerular filtration rate, higher dp-ucMGP levels were significantly 
associated with higher SBP and DBP and MAP, but not with pulse pressure (Table 6.3, 
models 1-3). After adjustment for MAP, the associations between dp-ucMGP and SBP 
and DBP were no longer statistically significant (Table 6.3, model 4). In parallel 
fashion, after adjustment for systolic or diastolic blood pressure, the association 
between dp-ucMPG and MAP also was not statistically significant (Table 6.3, models 4 
and 5).   
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Table 6.3 Associations of dp-ucMGP with blood pressure 

Model β 95% CI p 
Systolic blood pressure (n=706)    
   1: adjusted for age, sex and GTS   2.042   0.679; 3.404 0.003 
   2: 1 + BP med, CVD, smoking, BMI   1.557   0.199; 2.914 0.025 
   3: 2 + eGFR   1.584   0.201; 2.968 0.025 
   4: 2 + MAP -0.185 -0.719; 0.349 0.496 
Diastolic blood pressure (n=706)    
   1: adjusted for age, sex and GTS   1.090   0.423; 1.757 0.001 
   2: 1 + BP med, CVD, smoking, BMI   0.947   0.279; 1.615 0.006 
   3: 2 + eGFR   0.913   0.232; 1.593 0.009 
   4: 2 + MAP   0.093 -0.174; 0.360 0.496 
Mean arterial pressure (n=706)    
   1: adjusted for age, sex and GTS   1.407   0.579; 2.235 0.001 
   2: 1 + BP med, CVD, smoking, BMI   1.150   0.325; 1.975 0.006 
   3: 2 + eGFR   1.137   0.296; 1.978 0.008 
   4: 2 + SBP   0.279 -0.044; 0.603 0.091 
   5: 2 + DBP   0.076 -0.253; 0.406 0.649 
Pulse pressure (n=706)    
   1: adjusted for age, sex and GTS   0.952 -0.065; 1.968 0.066 
   2: 1 + BP med, CVD, smoking, BMI   0.609 -0.410; 1.629 0.241 
   3: 2 + eGFR   0.671 -0.367; 1.710 0.205 
   4: 2 + MAP -0.278 -1.079; 0.523 0.496 

β represents the increase (in mmHg) in blood pressure per SD increase in dp-ucMGP. GTS, glucose tolerance 
status; BP med, use of blood pressure lowering medication; CVD, prior cardiovascular disease; BMI, body 
mass index; eGFR, estimated glomerular filtration rate; MAP, mean arterial pressure; SBP, systolic blood 
pressure; DBP, diastolic blood pressure 

 
 
Table 6.4 shows the results of multivariable regression analyses with peripheral 
arterial stiffness estimates as outcomes. After adjustment for age, sex, glucose 
tolerance status, height and MAP, higher dp-ucMGP levels were significantly 
associated with greater carotid artery Young’s elastic modulus, but not with carotid, 
brachial or femoral artery distensibility or compliance (Table 6.4, models 1-3). 
Additional adjustments for other potential confounders or mediating variables did not 
materially change these results (Table 6.4, models 4-5). The association between dp-
ucMGP levels and carotid artery Young’s elastic modulus appeared to be driven by an 
association between dp-ucMGP levels and carotid artery distension. After adjustment 
for age, sex, glucose tolerance status, height and MAP, higher dp-ucMGP levels were 
significantly and inversely associated with carotid artery distension (standardized β, 
-0.085 (95% confidence interval, -0.164 to -0.006, p=0.035)), but not with carotid 
artery diameter, pulse pressure, or intima-media thickness. Additional adjustment for 
the use of blood pressure lowering medication, prior cardiovascular disease, smoking, 
body mass index and estimated glomerular filtration rate did not materially change 
these results (data not shown).  
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Table 6.5 shows the results of multivariable regression analyses with central arterial 
stiffness estimates as outcomes. After adjustment for age, sex, glucose tolerance 
status, height and MAP, higher dp-ucMGP levels were significantly associated with 
greater systemic arterial compliance (time decay method), but not with carotid-
femoral transit time, aortic augmentation index and systemic arterial compliance 
according to the stroke volume to pulse pressure ratio (Table 6.5, models 1-3). 
Additional adjustments for other potential confounders or mediating variables did not 
materially change these results (Table 6.5, models 4-5).  
The associations between dp-ucMGP levels and blood pressure and arterial stiffness 
did not differ according to glucose tolerance status (data not shown). 
 
Table 6.5 Associations (standardized βs) of dp-ucMGP with central arterial stiffness estimates 

Model β 95% CI p 
Carotid-femoral transit time (n=292#)    
   1: adjusted for age, sex, GTS -0.080 -0.267; 0.107 0.399 
   2: 1 + height -0.082 -0.271; 0.106 0.389 
   3: 2 + MAP -0.060 -0.240; 0.119 0.509 
   4: 3 + BP med, CVD, smoking, BMI -0.072 -0.248; 0.104 0.422 
   5: 4 + eGFR -0.074 -0.251; 0.102 0.408 
Aortic augmentation index (n=577*)    
   1: adjusted for age, sex, GTS   0.071 -0.006; 0.148 0.071 
   2: 1 + height   0.072 -0.004; 0.148 0.065 
   3: 2 + MAP   0.042 -0.032; 0.116 0.264 
   4: 3 + BP med, CVD, smoking, BMI   0.057 -0.016; 0.130 0.126 
   5: 4 + eGFR   0.051 -0.023; 0.125 0.178 
Systemic arterial compliance (time-decay) (n=521*)    
   1: adjusted for age, sex, GTS   0.078   0.003; 0.154 0.042 
   2: 1 + height   0.078   0.002; 0.153 0.043 
   3: 2 + MAP   0.127   0.057; 0.197      <0.001 
   4: 3 + BP med, CVD, smoking, BMI   0.109   0.039; 0.180 0.002 
   5: 4 + eGFR   0.116   0.045; 0.188 0.002 
Systemic arterial compliance (SV:PP) (n=581*)    
   1: adjusted for age, sex, GTS -0.012 -0.112; 0.088 0.810 
   2: 1 + height -0.019 -0.119; 0.081 0.715 
   3: 2 + MAP   0.044 -0.048; 0.136 0.346 
   4: 3 + BP med, CVD, smoking, BMI   0.025 -0.068; 0.117 0.599 
   5: 4 + eGFR   0.032 -0.061; 0.126 0.494 

β represents the increase (in SD) of the central arterial stiffness estimate per SD increase in dp-ucMGP. GTS, 
glucose tolerance status; MAP, mean arterial pressure; BP med, use of blood pressure lowering medication; 
CVD, prior cardiovascular disease; BMI, body mass index; eGFR, estimated glomerular filtration rate; SV, 
stroke volume; PP, pulse pressure; # this variable was not available in all subjects owing to device 
availability; * these variables could not be assessed in all subjects because of logistical or technical 
difficulties, the latter mainly due to obesity (body mass index of those with qualitatively satisfactory 
examinations versus those without, 26.9 ± 3.3. vs. 30.5 ± 4.5 kg/m2, p<0.001). 
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Discussion 

This study had two main findings. First, higher levels of dp-ucMGP were significantly 
associated with higher systolic, diastolic and mean arterial pressure. Second, higher 
levels of dp-ucMGP were significantly associated with greater carotid artery Young’s 
elastic modulus and with greater systemic arterial compliance. These results suggest 
that MGP, possibly through its effects on small and large artery calcification, may 
influence blood pressure and arterial stiffening.  
Although a clear positive association has been found between vascular calcification 
and blood pressure,4 this is the first study to show an association between dp-ucMGP 
and blood pressure. In animal studies, blocking the carboxylation of MGP (and hence 
increasing levels of dp-ucMGP) with warfarin induces higher systolic blood 
pressures.34 We found that higher levels of dp-ucMGP were associated with both 
mean and systolic pressure, and that these associations decreased after mutual 
adjustment (Table 6.3). These data raise the possibility that dp-ucMGP is associated 
with both the steady (MAP) and the pulsatile (SBP) component of blood pressure, 
possibly through insufficient inhibition of both small and large artery calcification. This 
hypothesis requires further investigation.  
The relationship between circulating MGP levels and arterial stiffness has only been 
studied in subjects with renal insufficiency; results have been inconsistent. In an 
elderly dialysis population, total ucMGP and aortic augmentation index were inversely 
related; on the other hand, there was no association between total dpMGP or total 
ucMGP and arterial stiffness in children on dialysis treatment or after a renal 
transplant.35-37 Our current study in an elderly population with mild renal insufficiency 
showed a significant association between dp-ucMGP and stiffness in the carotid artery 
as reflected by a greater Young’s elastic modulus. It should moreover be noted that, 
because dp-ucMGP is associated with MAP, MAP may (in part) mediate the effect of 
dp-ucMGP on arterial stiffness. If this is the case, then adjustment, for MAP, of the 
association of dp-ucMGP with arterial stiffness, as in model 3 (Table 6.4 and 6.5), 
amounts to overadjustment. In agreement with our results, recent studies showed a 
significant correlation between dp-ucMGP levels, arterial calcification and risk of 
mortality.21,38 In addition, in postmenopausal women, a high vitamin K intake (and 
hence lower dp-ucMGP levels) was associated with a positive effect on Young’s elastic 
modulus of the carotid artery (no change compared to an increase on placebo), a 
greater carotid distensibility and compliance coefficient, and a lower pulse pressure.39 
Taken together, these findings suggest that insufficient inhibition of arterial 
calcification, as reflected by dp-ucMGP levels, is associated with stiffening of the 
carotid artery. 
After adjustment for confounders or mediating variables, higher dp-ucMGP levels 
were positively associated with systemic compliance as determined with the time 
decay method. The explanation for this association is unclear but one possibility is 
that higher dp-ucMGP levels are associated with a greater aortic diameter (not 
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measured in this study), as MGP is involved in vascular remodelling resulting in less 
vascular elastin and more collagen in the aorta of rats treated with warfarin to block 
MGP function.34  
This study had several limitations. First, 116 individuals were excluded because of 
insufficient material or data. However, as their cardiovascular risk profile was 
significantly worse compared to those included, we would expect associations, in 
these individuals, between dp-ucMGP and the outcome variables to be either similar 
to those observed (in which case the main conclusions will remain unaffected) or 
stronger (in which case the associations reported are actually underestimated). 
Second, we had no direct measurements of arterial calcification and so could not 
directly investigate the hypothesis that dp-ucMGP was associated with outcome 
variables through arterial calcification. Finally, we studied an elderly Caucasian 
population, and results thus are not necessarily generalizable to younger populations 
or other ethnicities. 
In conclusion, our data show that higher dp-ucMGP levels are associated with higher 
systolic, diastolic and mean arterial pressure, and with a greater carotid artery 
Young’s elastic modulus and greater systemic arterial compliance. The mechanism 
behind these associations may involve arterial calcification. Dp-ucMGP levels can be 
lowered by vitamin K and this raises the question whether vitamin K supplementation 
could lower blood pressure and decrease arterial stiffness resulting in lower 
cardiovascular morbidity and mortality. In general, our data suggest that vitamin-K 
status may be a target of treatment to decrease blood-pressure- and arterial-stiffness-
related cardiovascular risk. 
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Abstract  

Background 
Vascular calcification in humans is associated with an increased cardiovascular risk. Carboxylated matrix Gla 
protein (cMGP) inhibits vascular calcification. Vitamin K is an essential cofactor for the activation of 
uncarboxylated matrix Gla protein (ucMGP). It has been suggested that patients on long term treatment 
with vitamin K antagonists develop aortic valve calcifications due to lower levels of circulating MGP. We 
therefore hypothesized that arterial calcification and a low vitamin K status are associated with ucMGP. To 
that aim we measured arterial calcium scores, the osteocalcin ratio (OCR), as a proxy for vitamin K status, 
and ucMGP. 
 
Materials and Methods 
In 36 hypertensive patients we determined the Agatston score with CT scans of the abdominal aorta, 
carotid and coronary arteries. The total calcium score was calculated as the sum of the separate Z-scores.  
 
Results 
The total calcium Z-score was significantly correlated to age (r=0.683, p<0.001), smoking (r=0.372, p=0.026), 
total cholesterol (r=0.353, p=0.034), LDL cholesterol (r=0.490, p=0.003), triglycerides (r=0.506, p=0.002), 
fasting glucose (r=0.454, p=0.005), systolic blood pressure (r=0.363, p=0.029) and pulse pressure (r=0.685, 
p<0.001). In multivariate regression analyses OCR and total calcium score were significantly associated with 
ucMGP.  
 
Conclusion 
We found a positive association of total arterial calcium score and a high OCR (reflecting low vitamin K 
status) with ucMGP serum levels. This warrants further studies to explore the pathophysiological 
background of this phenomenon. 
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Introduction 

Arterial calcification in humans is a risk factor for cardiovascular complications, not 
only in patients with established cardiovascular disease1, diabetes2,3 and chronic 
kidney disease4,5 but also in asymptomatic individuals.6-8 Vascular calcification is a 
complex process resembling bone formation.9 Matrix Gla protein (MGP) plays a 
central role in the inhibition of calcification by influencing the function of bone 
morphogenetic protein type 2 and preventing the deposition of calcium in the 
vascular matrix.10,11 Activation of MGP requires carboxylation, which is a vitamin K-
dependent process. The balance between levels of active, carboxylated MGP (cMGP) 
and inactive, uncarboxylated MGP (ucMGP) may, therefore, be important in 
counteracting arterial calcification.  
Several studies have reported on an association between high vitamin K intake and 
reduced cardiovascular risk or less arterial calcification.12-14 On the other hand, the use 
of vitamin K antagonists is associated with increased coronary and cardiac valve 
calcification.15,16 Studies on the relationship between coronary artery calcification and 
MGP gave conflicting results.17,18 In this respect, vitamin K status may be of 
importance since studies with vascular smooth muscle cells have shown that MGP 
production is triggered by extra cellular calcium.19 In human this has also been studied 
in isolated vascular smooth muscle cells but not in vivo.20  
As it is not clear to what extent circulating levels of MGP and vitamin K status are 
associated with calcified lesions in the arterial vasculature we performed the present 
study.  We measured ucMGP levels and the osteocalcin ratio (OCR), as a proxy for 
vitamin K status, in a cohort of well-characterised, moderately hypertensive patients 
and used computer tomography (CT) to quantify calcification of the coronary and 
carotid arteries, as well as of the abdominal aorta. Our hypothesis was that subjects 
with the highest ucMGP levels would have the highest calcium scores and the lowest 
vitamin K status. 

Methods 

Patients 

During a 10-month period, we recruited 40 consecutive patients who had been 
referred to our outpatient clinic for evaluation of hypertension. Subjects were not 
included if they had intravascular stents, which makes interpretation of coronary 
calcium scores difficult, had an age below 18 years, tried to achieve pregnancy or 
were pregnant. Assessments included data on smoking habits (never smoked, history 
of smoking or current smoker), body mass index (BMI, calculated as kg/m2), 
ambulatory blood pressure measurements (following 3 weeks cessation of 
antihypertensive medication), fasting levels of blood glucose, lipid profile and serum 
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creatinine. We also took blood samples for the determination of ucMGP and the OCR. 
Blood samples were centrifuged immediately at 3500 g for 10 minutes at 4˚C. Serum 
was separated and stored at -80˚C until use. Additionally, we performed a CT scan of 
the carotid arteries, the coronary arteries and the abdominal aorta. The study 
protocol was approved by the local ethics committee and all patients gave written 
informed consent.  

Measurements 

We measured 24-hour ambulatory blood pressure with Space Labs 90217 (Space labs 
Healthcare, inc. Washington, US). Pulse pressure was calculated as the difference 
between the systolic and diastolic value of the 24-hour ambulatory measurements. 
Glucose levels, lipids and serum creatinine were measured with an automated 
chemistry analyzer (Beckmann Synchron CX 7-2, Fullerton CA). Endogenous creatinine 
clearance (ECC), as a proxy of glomerular filtration rate, was calculated from serum 
creatinine concentrations with the formula of Cockcroft and Gault.21 
Since cMGP cannot be readily assayed in the laboratory, ucMGP is measured together 
with vitamin K in order to asses the cMGP status. The principle of the ucMGP assay is 
that of a competitive enzyme-linked immuno-sorbent assay (ELISA) in which micro 
well plates are coated with a mouse monoclonal antibody against human ucMGP 
(VitaK BV, Maastricht, the Netherlands).22 In brief, anti-ucMGP was coupled to a micro 
titer plate via polyclonal rabbit-anti-mouse IgG (Dako, Heeverlee, Belgium). After 
washing, 5 µl of serum sample or standard were mixed with tracer (biotinylated 
peptide consisting of residues 35–54 in human MGP), transferred to the micro titer 
plate and incubated overnight at 4° C. After washing, the plate was incubated with 
streptavidine-peroxidase (Zymed, Breda, The Netherlands) and stained with 
tetramethylbenzidine (KPL protein research products, Gennep, The Netherlands). The 
process was stopped by adding H2SO4, and the plate was read at 450 nm. The lower 
limit of detection was 98 nM, with intra- and inter-assay coefficients of variation of 6% 
and 11.4%.22 
We refrained from estimating vitamin K intake as information from dietary 
questionnaires is notoriously unreliable. Because it is also difficult to measure 
vitamin K levels reliably, the OCR, defined as uncarboxylated osteocalcin divided by 
carboxylated osteocalcin, was used instead as a proxy for vitamin K status.23-26 A lower 
OCR reflects higher vitamin K levels. Two commercially available test kits (Takara bio 
inc. Japan) were used to determine the OCR. One is specific for carboxylated 
osteocalcin, the other measures non-carboxylated osteocalcin. The principle of the 
measurement is similar to that of the MGP measurements and utilises ELISA 
techniques. Carboxylated MGP is estimated by dividing the level of ucMGP by the 
OCR.  
High-resolution computer tomography (CT) was performed on a Toshiba Aquilion 
multi/4 scanner (Toshiba, Zoetermeer, Netherlands) using 120 kilovolt, 2 mm slice 
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width and a field of view between 240 mm and 320 mm. Cardiac gated CT of the 
chest, with special attention to the depiction of the coronary arteries, covered the 
complete heart (additional scan parameters: tube current 250 mA, rotation time 
0.32 s, pitch 0.8). Carotid artery calcifications were measured from about 7 cm below 
the bifurcation up to 3 cm of the external and internal carotid arteries (300 mA, 0.5 s, 
1.4). The abdominal aorta was scanned from the top of the highest kidney to the 
bottom of the lowest kidney with a minimum distance of 10 cm (250 mA, 0,5 s, 1.4). 
Calcification was analyzed using ScImage's volumetric cardiac scoring software, 
version NETRA MD v.1.06.00a. Calcium was depicted as any pixel equal to or over 130 
Hounsfield units. Coronary calcification was expressed as Agatston scores.27  

Statistical analysis 

Normally distributed variables are expressed as means with standard deviations; 
otherwise they are expressed as medians with their minimum and maximum value. 
Calcium scores were measured in the coronaries, both the right and the left carotid 
artery and the abdominal aorta. The total calcium Z-score was then calculated as the 
sum of the individual Z-scores (calculated by subtracting the mean calcification score 
from the individual test score divided by the standard deviation of the calcification 
score). Trend analyses using the Kruskal Wallis test was done with variables that 
appeared to be related to increasing levels of ucMGP. Known risk factors for 
calcification were also correlated with the total calcium score. Spearman’s Rho was 
used for non-normally distributed data. With ucMGP (logarithmically transformed for 
regression analysis because of a non-normal distribution) as the dependent variable 
and total calcium Z-score and OCR as the key independent variables of interest, 
multivariate regression analysis was performed (model 1). Age, sex and ECC (model 2 
and 3) were added to the model as potential confounders. Although they are not 
known as potential confounders of MGP levels we also performed this regression 
analysis using smoking habits, BMI and systolic blood pressure as confounders (model 
4). Additionally, this was also done with fasting glucose levels and LDL cholesterol 
(model 5). Beta coefficients with 95% confidence interval (CI) are reported. Statistical 
calculations were performed using SPSS for Windows v.16.0 (SPSS, Chicago, IL). A p-
value <0.05 was considered statistically significant. 

Results 

Four patients had to be excluded from the analyses because they had intra-coronary 
stents. Table 7.1 shows the patient characteristics of the remaining 36 patients. The 
median ucMGP level was 4708 nmol/l (range 2031-9603 nmol/l). This is comparable to 
that of a healthy non-hypertensive reference population (4976 nmol/l; 2685-8187).22 
The median OCR was 1.2 (0.1-14.0), which suggests a relatively low vitamin K status in 
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these patients.24 The median coronary score was 65, indicating that these subjects 
had only minor amounts of calcium in their coronary arteries. Table 7.2 represents 
data according to tertiles of ucMGP. Although there seemed to be a trend for OCR, 
coronary score, abdominal aorta score and total calcification Z score with ucMGP, this 
was not statistically significant. Total calcium Z score, however, was significantly 
correlated to age (r=0.683, p<0.001), smoking (r=0.372, p=0.026), total cholesterol 
(r=0.353, p=0.034), LDL cholesterol (r=0.490, p=0.003), triglycerides (r=0.506, 
p=0.002), fasting glucose (r=0.454, p=0.005), systolic blood pressure (r=0.363, 
p=0.029) and pulse pressure (r=0.685, p<0.001). Carboxylated MGP and OCR were 
only significantly correlated to calcification of the left carotid artery (r=0.504, p=0.003 
and r=-0.399, p=0.021, respectively). There was no significant univariate correlation 
between total calcium score and OCR, ucMGP or cMGP. However, in crude 
multivariate regression analyses, and also in a model adjusted for age alone, adjusted 
for age, sex and ECC, adjusted for smoking habits, BMI and systolic blood pressure or 
adjusted for fasting glucose levels and LDL, the OCR was significantly associated with 
(log-)ucMGP. Except for the crude analysis and model 4 and 5, this was also true for 
the association with total arterial calcium-Z score. There was significant collinearity 
between total arterial calcium-Z score and the confounders used in model 4 and 5, 
which possibly explains the non significant result. (Table 7.3). There was no significant 
association of the calcium sub-scores of the coronary arteries, aorta, and right or left 
carotid arteries with (log-)ucMGP. (Table 7.4) 
 
Tabel 7.1 Patient characteristics. 

Variable Total group Tertiles of ucMGP serum levels 
 (n=36) T1 (12) T2 (12) T3 (12) 

Age (year)  53 ± 10  55 ± 10  54 ± 9  51 ± 11 
Male/Female (n) 19/17 10/2 5/7 4/8 
(Ever) smoking n (%) 24 (67) 9 (75) 7 (58) 8 (67) 
Body Mass Index (kg/m2)  27 ± 5  27 ± 4  26 ± 6  27 ± 4 
Ambulatory SBP (mmHg)  162 ± 22  158 ± 18  172 ± 18  157 ± 26 
Ambulatory DBP (mmHg)  97 ± 13  94 ± 12  104 ± 15  94 ± 10 
Total cholesterol (mmol/l)   6.0 ± 1.1  6.3 ± 1.5  5.8 ± 0.9  5.9 ± 0.7 
HDL cholesterol (mmol/l)   1.31 ± 0.38  1.3 ± 0.3  1.3 ± 0.4  1.4 ± 0.5 
LDL cholesterol* (mmol/l) 3.9 (1.8-6.0) 3.9 (1.8-6.0) 3.8 (2.3-5.1) 3.9 (3.1-4.6) 
Triglycerides* (mmol/l) 1.62 (0.49-12.42) 2.37 (0.57-4.16) 1.18 (0.49-4.36) 1.63 (0.95-12.42) 
Fasting glucose* (mmol/l) 5.6 (4.5-10.5) 5.6 (4.7-10.5) 5.4 (4.5-8.1) 5.5 (4.5-9.9) 
Estimated creatinine clearance (ml/min)  98 ± 28  104 ± 30  94 ± 26  94 ± 29 

Unless indicated otherwise data are expressed as means ± standard deviation. *, denotes median values 
with minimum and maximum between brackets. SBP, systolic blood pressure; DBP, diastolic blood pressure; 
HDL, high density lipoprotein; LDL, low density lipoprotein 
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Table 7.2 Results of measurements divided by tertiles of serum ucMGP levels. 

Variable Tertiles (mean and range) of ucMGP serum levels 
Tertile (n) 
ucMGP (nmol/l)  

T1 (12) 
 3471 (2031-4260) 

T2 (12) 
 4708 (4351-5215) 

T3 (12) 
 6126 (5416-9603) 

OCR  1.0 (0.2-2.7)  1.4 (0.5-2.5)  2.1 (0.1-14.0) 
cMGP (nmol/l)  3237 (1257-18889)  3475 (1759-10043)  3199 (665-82118) 
Coronary score  145 (0-1546)  111 (1-3866)  36 (0-5951) 
Abdominal aorta score  1365 (0-13063)  834 (0-21438)  359 (0-12944) 
Left carotid artery score   2 (0-772)  56 (0-713)  36 (0-1789) 
Right carotid artery score   2 (0-987)  71 (0-769)  0 (0-2253) 
total calcium Z-score  -1.2 (-2.0-5.5)  -1.4 (-2.0-5.5)  -1.9 (-2.0-11.9) 

Data are expressed as medians with minimum and maximum values (non-normal distribution). UcMGP, 
uncarboxylated Matrix Gla Protein; OCR, osteocalcin ratio; cMGP, carboxylated Matrix Gla Protein 

 
 
Table 7.3 Multivariate regression analysis with (log-)ucMGP as the dependent variable. 

Model* Total calcification Z-score 
Beta 10-3 (95% CI) 

Osteocalcin ratio 
Beta 10-3 (95% CI) 

1  7 (-7 – 20)NS  24 (7-40) 
2  16 (1-31)  23 (4-42) 
3  18 (4-32)  25 (6-43) 
4  9 (-6-24)NS  29 (11-48) 
5  12 (-2-27)NS  22 (5-40) 

Model 1: crude; Model 2: adjusted for age; Model 3: adjusted for age, sex and estimated creatinine 
clearance; Model 4: adjusted for smoking habits, body mass index and systolic blood pressure; Model 5: 
adjusted for fasting glucose levels and LDL-cholesterol. OCR, osteocalcin ratio; 95% CI, 95% confidence 
interval. All results were statistically significant with the exception of those figures indicated with NS (not 
significant). There was significant collinearity between the confounders in models 4 and 5 and total 
calcification Z-score. 
 
 
Table 7.4 Correlation of ucMGP with calcium sub-scores. 

Localisation Correlation coefficient* 

Left carotid artey  0.026 (p=0.882) 
Right carotid artery -0.077 (p=0.656) 
Coronary arteries -0.065 (p=0.706) 
Aorta -0.185 (p=0.280) 

* Spearmans Rho 

Discussion 

This study shows a significant positive association between ucMGP, total arterial 
calcium score and low vitamin K status. Vitamin K status was, on average, lower in 
these hypertensive patients than has been reported for a healthy control population 
with the same average age.24 Lower ucMGP levels are clearly associated with higher 
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vitamin K levels. Because carboxylation is an intracellular process, we assume that this 
is explained by clearance of  ucMGP and generation of cMGP in the presence of 
sufficient vitamin K. However, except for the calcification score of the left carotid 
artery there was no significant correlation between cMGP or OCR with any of the 
other calcium sub-scores or the total calcification Z-score.  
To our knowledge, this is the first study showing an association between calcium 
scores and ucMGP in relatively healthy hypertensive subjects. Previously, only reports 
showing a correlation of low serum unphosphorylated MGP and ucMGP levels in 
populations with increased cardiovascular risk have been published.22,28 
Phosphorylation of MGP is the first step in its activation and is induced by the 
presence of calcium. It provides the binding site of MGP to calcium. Reports on 
correlations between unphosphorylated MGP serum levels and coronary calcification 
scores have been conflicting.17,18,29 Recently, ucMGP also failed to show a correlation 
with markers of vascular stiffness in children on dialysis.30  
The MGP that we detected in the circulation of these patients represents the non-
carboxylated form of MGP. A low vitamin K status prevents carboxylation of MGP and 
thus makes ucMGP less functional.31 The smooth muscle cell reacts by increasing MGP 
production as reflected by an increase in MGP messenger RNA.32 Probably, although 
ucMGP binds to calcium, it is not able to halt crystal growth. The excess ucMGP is 
thought to be set free in the circulation, and thus could be a potential marker in 
calcified patients. 
Our results fit well with the theory that, in the process of vascular calcification, serum 
levels of ucMGP initially rise because its production by vascular smooth muscle cells is 
triggered by calcium. The positive beta indicates that higher Z scores and thus more 
calcification is associated with higher serum ucMGP levels in this sample of relatively 
healthy hypertensive subjects. In other study populations, with higher cardiovascular 
risk and more calcification or with renal insufficiency, lower serum ucMGP levels have 
been found.22 A possible explanation is that with progressing calcification most of the 
ucMGP is bound to the calcium in the vascular wall and is than trapped, ultimately 
leading to a fall in serum levels.22,31,33,34 Also, in the presence of sufficient vitamin K, 
ucMGP is carboxylated to cMGP giving rise to lower ucMGP levels as is supported by 
the positive beta in our regression analysis. Interestingly, another explanation for the 
lower ucMGP serum levels in subjects with more advanced arterial calcification may 
be a decline in vascular smooth muscle cells because of transformation to osteoblast 
like cells or apoptosis.35,36  
Our analyses have several limitations. Firstly, although CT is an accepted method to 
measure vascular calcification, our method of estimating total calcification Z-score has 
not been validated. Secondly, we cannot exclude that the calcium sub-scores of 
separate vascular regions in our analyses failed to reach significance, due to the small 
number of patients or confounding by age. Thirdly, our study is based on associations, 
and does not show a cause-and-effect relationship. Fourthly, whereas we expected 
lower calcification scores with higher cMGP levels, this was not found. Our method of 
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estimating cMGP could be too imprecise to detect this correlation. Furthermore, the 
ratio of ucMGP and OCR is based on the assumption that the availability of vitamin K 
in the vascular wall is similar to that in bone. This may not be the case, giving rise to 
imprecise estimation of cMGP. This imprecision may have affected the association 
between lower calcification scores in the presence of higher levels of vitamin K and 
thus higher levels of cMGP. As far as this is concerned, it is important to realize that it 
has recently been shown that vitamin K supplementation was associated with slower 
progression of coronary calcium scores.12 
In conclusion, we found, adjusted for potential confounders, a significant positive 
association of total arterial calcium score and a high OCR (reflecting low vitamin K 
status) with serum ucMGP levels in mild to moderate hypertensive patients. This is 
consistent with the possibility that serum ucMGP levels are stimulated by the 
calcification process in humans. Although these data do not prove a cause-and-effect 
relationship between vitamin K and arterial calcifications, this possibility needs to be 
explored in future studies. Research in this field is important for the interpretation of 
future studies with serum MGP, vitamin K and cardiovascular risk. Vitamin K 
supplementation could be a simple way to reduce cardiovascular risk by activating 
MGP. 
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Abstract  

Vascular calcification is a marker of increased cardiovascular risk. Vitamin K dependent Matrix Gla protein 
(MGP) is important in inhibiting calcification. Since MGP activation is vitamin K dependent, we performed a 
cross sectional study investigating the relationship between the use of vitamin K antagonists and extra-
coronary vascular calcification.  
From the Dutch thrombosis services we selected 19 patients, aged <55 years and without other 
cardiovascular risk factors, who had used coumarins for more than 10 years, and compared these to 18 
matched healthy controls. MGP was measured and a plain X-ray of the thighs was taken to assess femoral 
arterial calcifications. The odds ratio for calcification in patients versus controls was 8.5 (95% CI 2.01-35.95). 
Coumarin use and MGP were associated with calcification, even after adjusting for other risk factors.  
We conclude that long term use of coumarins is associated with enhanced extra-coronary vascular 
calcification possibly through the inhibition of MGP carboxylation. 
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Introduction 

Vascular calcification is a marker of increased cardiovascular morbidity and mortality.1 
Matrix Gla Protein (MGP) is an important inhibitor of calcification.2-5 In animal studies, 
in which carboxylation of MGP was blocked by vitamin K antagonists, excessive 
calcifications of the arteries were found.6 In humans calcification of the coronary 
arteries (CaC) and heart valves is increased in patients on vitamin K antagonists, 
whereas intake of vitamin K is associated with less progression of CaC.7-10 
Interestingly, the association between coumarin use and CaC is absent in an older 
population, and there are no reports on extra-coronary arterial calcification in 
coumarin users.11 Therefore, we performed a cross sectional study in middle aged 
long term coumarin users and a matched control group to test the hypothesis that 
chronic coumarin therapy is associated with femoral artery calcification as a proxy for 
coronary calcification along with decreased carboxylation of MGP. 

Methods 

We searched the database of the southern Dutch thrombosis services. Fot the present 
study we selected patients younger than 55 years, who used coumarins for more than 
10 years because of a cardiac valve operation or recurrent venous thrombosis, and 
without previous cardiovascular events. Spouses or close friends living in the same 
(social) environment were invited as control subjects. The study was approved by the 
ethics committee and all subjects gave informed consent. 
Clinical assessments included data on smoking behaviour, body mass index (kg/m2), 
and blood pressure (average of three office measurements [Accutor Plus, Datascope 
corporation Fairfield, NY, USA]). Fasting glucose levels, lipid profile, calcium, 
phosphate, and creatinine were measured in serum with an automated analyzer 
(Beckmann Synchron CX 7-2, Fullerton CA, USA). Endogenous creatinine clearance 
(ECC) was estimated using the Cockcroft and Gault formula.12 Desphospho-
uncarboxylated MGP (dp-ucMGP) was measured in plasma using a sandwich ELISA 
(VitaK BV, Maastricht, The Netherlands) as has been described previously.13 Femoral 
artery calcification was assessed by soft tissue 50 kV X-ray of the left and right thigh 
(Siemens Aristos FX DR-Radiology-system, Siemens Erlangen Germany) in supine 
position and slight endorotation of the foot. The images were digitally processed to 
enhance soft tissue structures (Diamond View®; Siemens, Erlangen, Germany) and 
evaluated by an independent radiologist (TL), unaware of the clinical data. A subject 
was scored positive for calcification when calcium deposits were visible along one or 
both femoral artery regions.  
Normally distributed variables are presented as mean with standard deviation, 
otherwise they are presented as medians with minimum and maximum value. 
Differences between groups were assessed using Student’s t-test or Mann-Whitney-U 
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test for continuous variables and Chi-square test for ordinal and dichotomous 
variables. Calcification was correlated with age, sex, smoking, coumarin use, BMI, 
systolic and diastolic blood pressure, fasting glucose, lipid profile, serum creatinine, 
ECC, calcium, phosphate, calcium-phosphate product and dp-ucMGP using 
Spearman’s test for non-normally distributed variables, or Pearson’s test for normally 
distributed data. Multiple logistic regression analyses were done with several models 
to evaluate the independent contribution of coumarins and dp-ucMGP to calcification. 
Coumarin use and dp-ucMGP were analysed separately because of collinearity. The 
excess risk for calcification has been expressed as odds ratio. We used SPSS 16.0.1 
(SPSS inc. Chicago, Illinois) for statistical calculations; a p-value <0.05 was considered 
statistically significant. 

Results and discussion 

Of 21 identified patients, 2 refused to participate. Eighteen control subjects 
volunteered. The characteristics of patients and controls are presented in Table 8.1.  
 
Table 8.1 Characteristics of participants according to coumarin use. 

Variable Coumarin 
n=19 

No coumarin 
n=18 

p-value* 

Sex (male/female)  15/4 9/9 0.065 

Age (years, range) 48 (33 - 56) 46 (36 -53) 0.213 
(Ever) smoking (% ) 68 50 0.254 

Body Mass Index (kg/m2) 29 (±5) 25 (±4) 0.015 
Systolic Blood Pressure (mmHg) 128 (±13) 125 (±19) 0.592 
Diastolic Blood Pressure (mmHg) 81 (±8) 80 (±14) 0.676 
Glucose (mmol/l, range) 5.1 (4.3 – 9.0) 4.9 (4.2 – 6.2) 0.807 
Total cholesterol (mmol/l)   5.9 (±1.2)   5.5 (±1.1) 0.303 
HDL cholesterol (mmol/l) 1.18 (±0.3) 1.40 (±0.4) 0.058 
LDL cholesterol (mmol/l)   4.1 (±0.8)   3.7 (±0.9) 0.173 
Triglycerides 1.57 (±0.9) 0.98 (±0.6) 0.023 
Creatinine (μmol/l) 81 (±11.5) 79 (±16.4) 0.577 
Estimated Creatinine Clearance (ml/min) 120 (±27) 105 (±24) 0.077 
Calcium-phosphate product (Median, range) 2.3 (1.5 – 4.4) 2.6 (2.3 – 3.4) 0.104 

HDL, high density lipoprotein; LDL, low density lipoprotein. * Chi square test was used for dichotomous 
variables, Students-t test for normally distributed values, and the Mann Whitney-U test for not normally 
distributed variables. 

 
Median coumarin treatment duration was 13 years (range 10-29 years). Target INR in 
all patients (3 with aortic valve replacement) was 2,5 (range 2,0-3,0) Univariate 
analysis showed a correlation between femoral artery calcification and coumarin use 
(r=0.515, p<0.001) and plasma dp-ucMGP levels (r=0.585, p<0.001). Coumarin use and 
plasma dp-ucMGP levels showed a strong correlation (r=0.850, p<0.001). Calcification 
was visible in 14 of 19 coumarin users compared to 4 out of 18 controls (X2=9.8, 
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p=0.002). The average dp-ucMGP level was 1439 (± 481) pmol/l versus 299 (± 163) 
pmol/l in coumarin users and controls, respectively (p<0.001). The odds ratio for 
calcification in coumarin users was 8,49 (95% CI 2.01-35.95). In multiple regression 
analysis coumarin use and dp-ucMGP levels were independently associated with the 
presence of calcification, and were also independent of known or accepted modifiers 
(Table 87.2). 
 
Table 8.2 Regression analysis with femoral artery calcification as the dependent variable. 

Model Coumarin use 
Beta  (95% CI) 

dp-ucMGP 
Beta (95% CI) 

1 0.515 (0.220 - 0.809) 0.661 (0.306 –1.016) 
2 0.484 (0.186 - 0.782) 0.623 (0.261 – 0.985) 
3 0.443 (0.128 - 0.758) 0.584 (0.184 – 0.984) 
4 0.510 (0.166 - 0.854) 0.725 (0.284 – 1.165) 
5 0.509 (0.173 - 0.846) 0.680 (0.254 – 1.105) 

Results are expressed as the beta for coumarin use and dp-ucMGP levels with their 95% confidence interval 
(CI). Model 1: crude; Model 2: adjusted for age; Model 3: adjusted for age and sex; Model 4: adjusted for 
age, smoking, Body Mass Index and triglycerides; Model 5: adjusted for age, fasting glucose, LDL 
cholesterol, estimated creatinine clearance, and calcium phosphate product. 

 
This is the first study showing a relationship between coumarins and extra-coronary 
calcification. Previous research already showed more calcification in animals with 
vitamin K deficiency due to a mutant vitamin K epoxide reductase sub-
component-1.14,15 Also coronary calcifications have been found in patients using 
vitamin K-antagonists but, in contrast to our study, patients were relatively old, had 
other risk factors for atherosclerosis, or received coumarins for an atherosclerotic 
cardiovascular indication.7,16,17  
The dp-ucMGP assay described here specifically detects non-phosphorylated and non-
carboxylated MGP, which has little or no affinity for calcium salts. It is thought that 
dp-ucMGP is easily set free in the circulation. Since ucMGP is only formed during 
vitamin K deficiency, dp-ucMGP serves as a biomarker for vascular vitamin K status. 
Our data demonstrate a strong association between circulating dp-ucMGP and 
coumarin use, which is consistent with increased synthesis of inactive ucMGP, and 
subsequently less inhibition of the calcification process. In response to progressive 
calcification, MGP production will be upregulated, thus exhausting the local vitamin K 
stores even further, and explaining higher levels of plasma dp-ucMGP, in subjects 
using coumarins.18,19  
In this study, we only measured femoral vascular calcification. We cannot be sure that 
all vessels calcify in the same manner, although it has been shown that peripheral 
vascular calcification correlates with coronary calcification.20 Since all vascular 
calcifications are associated with increased cardiovascular risk, using coumarins may 
have an increased cardiovascular risk despite short-term benefits of decreased 
thrombosis tendency.1,21-23 This would indicate a hitherto unrecognized adverse side-
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effect of long-term coumarin use in young subjects. However, prospective, and long-
term studies are necessary to clarify this issue further. 
There are several limitations of this study. Firstly, it is a cross-sectional analysis. A 
cause-and-effect relationship could therefore not be investigated. Secondly, the study 
result was obtained in a relatively small and selected population and should be 
reproduced in other cohorts. Thirdly, plain X-ray is not the most sensitive technique to 
detect arterial calcification, but computer tomography would have involved more 
radiation and is more expensive. Fourthly, there is a difference in sex distribution 
between the study groups. However, including sex as a confounder in multiple 
regression analysis did not significantly change the outcome and there is no 
relationship between sex and MGP levels.16 The strength of our study was that we 
only studied patients without other cardiovascular disease, a relatively young 
population (so no age bias) and the demonstration that coumarin use affected 
calcification independently of other risk factors. 
We conclude that long term use of vitamin K antagonists is associated with femoral 
artery calcification which is possibly enhanced through the inactivation of MGP. 
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Main findings in perspective 

The studies in this thesis describe the pathobiology (chapter 1 and 2) and clinical 
cardiovascular risk (chapter 3) of vascular calcification in subjects with different co-
morbidities (hypertension, diabetes and renal insufficiency). The physiology of matrix 
Gla protein (MGP) is studied in hypertensive subjects (chapter 4 and 5). The 
association between MGP and vascular properties (stiffness and calcification) is 
addressed in subjects with normal or impaired glucose metabolism and diabetes 
(chapter 6), hypertensive subjects (chapter 7) and patients using vitamin K antagonists 
(chapter 8). The current chapter discusses existing knowledge and how our findings 
contribute to the knowledge on vascular calcification, especially in hypertensive 
subjects. Furthermore we discuss future perspectives of research in this field. 

Why is vascular calcification important? 

Cardiovascular disease is a major cause of death in the western world.1 Many risk 
factors have been identified and it is obvious that their treatment reduces 
cardiovascular risk.2,3 Despite this success, there is still a significant residual 
cardiovascular disease risk. Therefore it is important to identify other risk factors, like 
vascular calcification, and to investigate their biology and physiological consequences 
and perform studies to explore whether preventing or treating these other risk factors 
will lower cardiovascular risk. 

What is already known about this topic? 

In many observational studies vascular calcifications are associated with a greater 
cardiovascular risk.4-6 With the emergence of more advanced imaging techniques 
calcification can be visualized more accurately and even spotty calcifications in 
atherosclerotic plaques can be seen and have been associated with an increased risk 
for plaque rupture.7 The majority of the research has been done on the association 
between coronary calcifications, assessed with electron beam computer tomography, 
and cardiovascular outcome. Only a few studies address the question whether other 
imaging modalities that detect calcifications are associated with outcome.8-10 
Only a decade ago, vascular calcifications were viewed upon as an inert endpoint of 
atherosclerosis. However, more and more research shows that it is a highly complex, 
actively regulated process which involves several genes, proteins and vitamins.11-14 
Because of the increased cardiovascular risk and the active regulation of vascular 
calcification it is interesting to think about interventions to prevent or reduce vascular 
calcifications. MGP plays a central role in the inhibition of the calcification process. 
This protein is vitamin K dependent which means that it has to be carboxylated by 
gamma glutamylcarboxylase and vitamin K as a cofactor to fully exert its calcification 
inhibiting properties.15 First discovered in bone, it was later shown to inhibit 
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calcification and to play an important role in vascular calcification.16,17 Animal 
experiments demonstrated that administration of vitamin K inhibits the progression of 
vascular calcification.18,19 Several human observational studies show conflicting 
evidence regarding the association between a high vitamin K intake and vascular 
calcification or cardiovascular complications.20-23 However, a placebo controled 
vitamin K-intervention trial investigating the progression of coronary calcification in 
an elderly population showed slower progression in the vitamin K group.24 In the past 
few years several studies have expanded our knowledge about MGP, mainly because 
of the availability of an elisa test for different conformations of MGP. For instance, 
plasma levels of total uncarboxylated MGP decrease in populations with more 
extensive atherosclerosis and vascular calcification.25 However, there is almost no 
information about normal MGP levels or the pathophysiology of MGP in subjects 
prone to vascular calcification but without visible calcification as in patients with 
hypertension, early diabetes or metabolic syndrome, or early stages of renal 
insufficiency. How vascular calcification increases cardiovascular risk is still a matter of 
debate.26,27 It might be an important pathophysiological mechanism explaining the 
increased cardiovascular morbidity and mortality. Regarding the association between 
MGP levels and vascular calcification one would also expect an association between 
vascular stiffness and MGP levels but the available studies on this topic were not 
convincingly positive.28,29 However, these studies were performed in subjects (and in 
these cases children) with renal insufficiency and the mechanisms might not be 
comparable to those in a relatively healthy adult population. 

What does this thesis add to current knowledge? 

There is probably a common pathway resulting in vascular calcification that is similar 
in all patient groups. However, the initiation of the calcification process may depend 
on specific risk factors in particular patient groups with different comorbidities. Most 
studies with regard to calcification have been performed in subjects with renal 
insufficiency because vascular calcification is very prominent in these patients and, 
additionally, such patients regularly visit the clinic for all kind of measurements. The 
pathobiology, pathophysiology and clinical complications of vascular calcification in 
these patients has therefore been thoroughly studied.12,30,31 On the contrary, studies 
concerning the pathobiology of vascular calcification in other patient groups are 
scarce. Therefore, in chapter 1, we discuss the differences in initiation of the calcifying 
process in subjects with renal insufficiency, diabetes mellitus and hypertension. In 
chapter 2 we review in depth the current knowledge on proteins involved in vascular 
calcification.  
The majority of the studies describing vascular calcification as a risk factor for 
cardiovascular disease concern coronary calcifications and are identified using 
computed tomography. However, our results demonstrate that vascular calcification 
at any location assessed with any imaging method harbours an increased 
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cardiovascular risk and mortality. In chapter 3 we provide a meta-analysis of studies 
concerning vascular calcification and cardiovascular endpoints. The increased risk of 
calcification is especially pronounced in populations with a high baseline 
cardiovascular risk like patients with diabetes or renal insufficiency. A limitation was 
the lack of  a regression analyses to explore whether vascular calcification is an 
independent risk factor because we did not have individual patient data. Several of 
these individual studies however, point towards vascular calcification as an 
independent risk factor.32,33 Our meta-analysis reports the risk of no vascular 
calcification versus any vascular calcification, and we clearly show that high risk 
subjects can be identified according to the presence of calcification.  
MGP is considered to be a (bio)marker of vascular calcification. To interpret circulating 
MGP levels correctly in patient populations, information about production, 
concentration of circulating levels and clearance of MGP is needed. In chapter 4 and 5 
we studied normal plasma levels and clearance rate of MGP in hypertensive subjects. 
First we demonstrated that in hypertensive subjects total uncarboxylated MGP (t-
ucMGP) and total desphospho (unphosphorylated)MGP (t-dpMGP) levels were lower 
compared to healthy controls. The lower t-ucMGP levels tally nicely with previous 
reports in the literature. The lower levels of t-ucMGP are associated with more 
vascular calcification.25,34 In our subjects, with presumably mild to moderate 
atherosclerosis we found an average concentration of t-ucMGP that is just in between 
normal levels and the levels in subjects wit more extensive calcification.25 Although 
we do not know the precise mechanism causing lower MGP concentrations, one 
possibilty is that subjects with mild to moderate hypertension already have some 
microcalcifications of blood vessels. We hypothesise that this slightly depressed t-
ucMGP level indicates an active defence mechanism against vascular calcification. 
Presumably, in these subjects with on average little calcification the vascular smooth 
muscle cells (VSMC) are maximally defending themselves against calcification by 
increasing their production of MGP.35 In absence of sufficient vascular vitamin K this 
extra MGP remains uncarboxylated and does not exert its full calcification inhibiting 
potential. In theory, one would expect that the spillover to the circulation of this 
excess of non-functional MGP causes higher levels in the initial stages of the 
calcification process. However, with time and progressive calcification the number of 
VSMC decrease because of apoptosis induced by calcification and differentiation to 
osteoblast like cells unable to produce MGP. Hence, total production will drop 
possibly resulting in the lower levels as measured in subjects with vascular 
calcification.36 Furthermore, it’s possible that MGP is trapped in the calcifying vascular 
wall.37  
With regard to renal clearance we showed that this remains normal even with 
deteriorating renal function and that it is only compromised in more severe renal 
insufficiency. Because we had cross sectional data, we could not prove that the 
abovementioned mechanisms are valid. We also do not know if this finding is unique 
in these subjects with mild to moderate hypertension or generalizable to other 



122⏐Chapter 9 

patient groups with early or mild to moderate atherosclerosis. More research to 
reveal the mechanism by which circulating MGP reflects vascular calcification is 
necessary.  
Structural alterations of the vascular wall have an effect on vessel stiffness and 
compliance. For example, increased concentrations of advanced glycosylation end 
products(AGEs) in the vascular wall lead to stiffer arteries.38 In chapter 6 we 
hypothesized that abnormal levels of non phosphorylated, uncarboxylated MGP 
(dpucMGP) would represent excess calcification and hence increased stiffness or 
decreased compliance. Regrettably, we did not have any measure of calcification in 
the Hoorn study population. Although dpucMGP levels showed a significant trend 
with measures of stiffness or compliance we could not prove that this was an 
independent predictor of vascular stiffness. There was, however, a significant 
association with vascular compliance as reflected by Youngs elastic modulus of the 
carotid artery. In regression analysis especially mean arterial pressure (MAP) 
appeared to be an important confounder. There was a strong relationship between 
MAP and MGP indicating that blood pressure, besides giving rise to stiffer arteries, 
might be an important mechanism stimulating MGP production in these patients.  
In chapter 7 we investigated the relationship between a total calcification score of the 
coronaries, carotid arteries and the abdominal aorta and vitamin K status and ucMGP. 
There was a statistically significant relationship between total vascular calcification 
and vitamin K status. More precisly, the poorer the vitamin K status, the more calcium 
in these arteries was measured. Because these are cross sectional data there is no 
information on a cause and effect relationship. However, these results support the 
concept that low vitamin K status results in insufficient carboxylation of MGP, and 
thus contributes to progression of vascular calcification. In addition, high vitamin K 
intake has been proven to be associated with a reduced risk of coronary heart 
disease.21 Also, the progression of coronary calcification was slowed down with 
supplementation of vitamin K in older adults.24 Still, there are no prospective 
intervention studies that show a beneficial effect of vitamin K supplementation on 
cardiovascular events or outcome. 
Blocking vitamin K action by the use of vitamin K antagonists (VKAs) can rapidly induce 
calcification of the arteries in rats.17 In addition, there are also reports on excellerated 
coronary and cardiac valve calcification in humans who use VKAs.39,40 However, these 
studies have been performed mainly in an elderly population and the study results 
may be confounded by indication for the use of VKAs. In chapter 8 we showed that 
long term use of VKAs in young subjects is associated with excessive, peripheral 
vascular calcification. Despite the association between VKAs and vascular calcification 
there are no reports on increased cardiovascular risk in patients on long term vitamin 
K antagonists. Actually, this might be difficult to prove because of the strong 
association between the main indications for long term use of VKAs and 
cardiovascular outcome. In this respect our data raise some concern regarding the 
increased vascular calcification and hence the associated increase in cardiovascular 
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risk in young subjects without known atherosclerotic cardiovascular disease. 
Therefore, it might be important to consider alternative treatments for subjects 
needing long term anticoagulation. Fortunately, alternative ways of anticoagulation 
through direct thrombin inhibition or antagonising coagulation factor X are now on 
the market. However, their long term safety and their effect on vascular calcification 
remains to be proven. 

Future perspectives  

Cardiovascular risk estimation could be more precise if there was a reliable and safe 
method that could easily assess the amount of vascular calcification. This can be in the 
total vascular bed or in a single blood vessel. Today vascular investigations are still 
hampered by excess radiation (computer tomography) which might harm the patient 
or the fact that they are time consuming (ultrasound). A circulating marker that 
reflects (total) calcification burden would be a good surrogate to improve 
cardiovascular risk estimation. Vascular calcification is considered as an additional risk 
factor, and a biomarker could put an individual patient in a higher or lower risk 
category. However, whether a patient’s cardiovascular risk will indeed increase or 
perhaps become lower depends on his total calcification burden compared to the 
average total calcification burden in an age and sex matched control group.  These 
data about average calcification burden in different patient groups or healthy subjects 
and the consequences with regard to cardiovascular risk are scarce. Thus, this should 
be further investigated before calcification screening is advocated as a tool to 
estimate cardiovascular risk. Of course, the effectiveness and cost-effectiveness of 
such a strategy needs to be proven. 
Because research on MGP and calcification is mainly cross sectional the exact 
sequence in the calcification process remains unclear. In humans, most results are 
only available on circulating MGP levels. Whether these MGP levels actually reflect 
what is happening in the vascular wall should be investigated in a follow up study with 
regular collection of blood samples and blood vessel biopsies or regular vascular 
imaging quantifying calcium and MGP measurements. Next we need to establisch 
normal values in different patient groups of different ages. Only when this kind of 
information is available, we are able to discriminate between those at risk because of 
vascular calcification compared to an otherwise comparable control group. 
As discussed above, the calcification process is complex and involves many different 
genes and proteins. The possiblity of stimulating or inhibiting these genes and 
proteins using drugs or vitamins is challenging. Hence, vascular calcification could be 
prevented which might result in less cardiovascular events. Of the proteins involved in 
vascular calcification MGP can be modified by vitamin K.15 It has been proven that 
MGP is a potent inhibitor of vascular calcification in animal experiments.41 It can be 
activated by sufficient vascular vitamin K concentrations. High doses of vitamin K are 
able to prevent progression or even induce regression of warfarin induced vascular 
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calcification in rats.19 There are studies suggesting a similar effect in humans but this 
should be further explored in future studies.24 First we need additional prospective 
intervention trials investigating whether high doses of vitamin K are able to halt 
progression of vascular calcification, not only in the coronaries but also in other 
vascular beds like the carotid arteries or the aorta. Therefore we need a reliable 
reproducible method to estimate total tissue calcium. Second, we aim to prevent 
vascular calcification the initation mechanisms in different patient groups might 
request a tailor made approach. The effect of these measures on vascular calcification 
and ultimately on cardiovascular risk should be subject of future research. If 
treatment with vitamin K indeed leads to activation of MGP and hence less vascular 
calcification in humans we have a new treatable cardiovascular risk marker like 
cholesterol or blood glucose. These interventions could then be a possible target for 
treatment in order to reduce risk. 
In theory, MGP levels could be used to guide the intensity of antihypertensive 
treatment. To further prove this, we need prospective data on the relationship 
between blood pressure and MGP and subsequently intervention trials with 
treatment guided by MGP levels compared to treatment guided by blood pressure 
values. 
 

Insights in vascular calcification have changed substantially over the last decade. The 
discovery of several proteins, and genes heralded the beginning of an exciting new 
field of research concerning the mechanisms and consequences of vascular 
calcification. The challenge for the near future is to reveal whether vascular 
calcification can be treated and if so, whether this contributes to lowering 
cardiovascular risk. 
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Summary 

Vascular calcification is a common condition seen among elderly subjects and subjects 
with a variety of cardiovascular risk factors. It is also prevalent in subjects with 
diabetes, renal insufficiency and hypertension. The presence of these calcifications is 
independently associated with a greater cardiovascular risk. The mechanisms of 
calcification are complex, but in the past decade abundant research has been devoted 
to unraveling these mechanisms. In chapter 1 we discuss current knowledge on the 
differences in the initiating mechanisms and give an overview of the common 
pathway to vascular calcification. We discuss these mechanisms related to diabetes, 
renal insufficiency and hypertension.  
Many of the factors involved in the calcifciation process are proteins. In recent studies 
these proteins have all been implicated to play a stimulating or inhibiting role in de 
calcification process. In chapter 2 we discuss the biological properties of these 
proteins and their role in the calcification mechanism. We elaborate on possibilities to 
influence the function of these proteins in order to prevent or decrease calcification 
progression. 
Chapter 3 gives the results of a meta-analysis of observational studies concerning 
vascular calcification and cardiovascular outcome. It is clear that any vascular 
calcification detected, independently of the imaging method used, harbours an 
increased cardiovascular risk in the patient. 
Different average serum levels of the calcification inhibitory protein matrix gla protein 
(MGP) have been found in different patient groups. Subjects with the highest 
cardiovascular risk have the lowest levels of uncarboxylated MGP (ucMGP). There was 
no information about the average level of uncarboxylated and unphosphorylated 
MGP in hypertensive subjects. In chapter 4 we present these average MGP levels in 
subjects with mild to moderate hypertension and compare them to a normotensive 
control group. On average, both total unphosphorylated MGP and total 
uncarboxylated MGP were lower in hypertensive subjects. This suggests a tendency 
for vascular calcification in these mild to moderate hypertensive subjects although 
this is not always visible on imaging. 
Of the proteins mentioned in chapter 2, matrix gla protein (MGP) plays a central role 
in inhibiting calcification. Although the associations of MGP levels with cardiovascular 
risk and vascular calcification have been abundantly studied, little is known about 
clearance of this protein from the circulation. In chapter 5 we present our study 
measuring renal clearance of MGP. As expected the renal clearance of this relatively 
small protein is not compromised in a wide range of renal function. Serum levels of 
MGP are mainly independent of renal function, probably unless the estimated 
glomerular filtration rate falls below 20 ml/min. 
Because of the association of MGP levels and vascular calcification and secondly the 
association between vascular calcification and arterial stiffness we hypothesized that 
MGP serum levels are also associated with arterial stiffness. We investigated this 
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hypothesis in the Hoorn study population, an elderly population in which extensive 
measurements of arterial stiffness were done. The results are presented in chapter 6. 
There is a positive association with central arterial stiffness as reflected by Young’s 
elastic modulus of the carotid artery, but no association, independent of confounding 
factors, was seen in any of the other stiffness variables. However, there was a 
significant association of unphosphorylated and un carboxylated MGP levels with 
blood pressure, possibly proving that this is an important stimulator of the 
calcification process as reflected by increased MGP production. 
MGP probably undergoes two post translational modifications. One is 
phosphorylation, promoting cellular excretion, the other is carboxylation by vitamin K. 
The latter is necessary for MGP to successfully inhibit the effects of BMP2 and prevent 
calcium precipitation in the vascular matrix. In chapter 7 we present our study 
investigating the relationship between total vascular calcification as measured with 
computer tomography, vitamin K status and MGP. There was a significant association 
between vitamin K status and total vascular calcification. Furthermore there was an 
association between vitamin K status and ucMGP levels. 
Vitamin K appears to be important to increase the levels of carboxylated MGP in order 
to inhibit the calcification process. Excessive vascular calcification has been found in 
animal experiments were rodents were treated with vitamin K antagonists (VKA’s). 
There is also evidence of increased coronary calcification in humans using VKA’s. 
However these studies were cross sectional, done in an elderly population and there 
might be confounding by indication. In chapter 8 we investigate if treatment with 
VKA’s in humans promotes vascular calcification independently of age and other 
cardiovascular risk factors in young subjects using this medication for more than 10 
years. Indeed the odds ratio for having peripheral arterial calcifications in patients 
versus controls was 8.5 (95% confidence interval 2.01 – 35.95) 
In chapter 9 we discuss the main findings presented in this thesis. We elaborate on 
possible future research to further establish the clinical meaning of MGP levels and 
treatment of vascular calcification in order to lower cardiovascular risk in patients. 
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Samenvatting 

Vaatcalcificaties worden regelmatig gezien en dan met name bij ouderen en personen 
met allerlei cardiovasculaire risicofactoren. Het komt ook veel voor bij patiënten met 
diabetes, nierinsufficientie en hypertensie. De aanwezigheid van dergelijke vaatwand 
calcificaties is onafhankelijk geassocieerd met een verhoogd cardiovasculair risico. De 
mechanismen die vaatverkalking veroozaken zijn complex, maar in het afgelopen 
decennium is er veel onderzoek gedaan om deze mechanismen op te helderen. In 
hoofdstuk 1 bespreken we de huidige kennis met betrekking tot de verschillende 
oorzaken van vaatcalcificatie in patiënten met diabetes, nierinsufficiëntie en 
hypertensie. Daarnaast geven we een overzicht van het mechanisme dat 
waarschijnlijk in al deze patiënten groepen het zelfde is.  
Bij het calcificatie proces zijn veel eiwitten betrokken. Van al deze eiwitten is uitvoerig 
onderzocht of ze een stimulerend of remmend effect op vaatverkalking hebben. In 
hoofdstuk 2 bespreken we de biologische eigenschappen van deze eiwitten en hun rol 
in de verkalking van bloedvaten. We speculeren over de mogelijkheid om deze 
eiwitten zodanig te beïnvloeden dat de progressie van vaatcalcificatie geremd zou 
kunnen worden.  
In hoofdstuk 3 beschrijven we de resultaten van een meta-analyse van observationele 
studies met betrekking tot vasculaire calcificaties en cardiovasculaire eindpunten. 
Hieruit blijkt dat alle gevonden vasculaire calcificaties, onafhankelijk van de gebruikte 
afbeeldingmethode, een verhoogd cardiovasculair risico voor de patiënt betekenen.  
Verschillende gemiddelde serum spiegels van het vaatcalcificatie inhiberende eiwit 
matrix gla proteïne (MGP) zijn gemeten in verschillende patiënten groepen met een 
verschillende mate van cardiovasculair lijden. Groepen met het hoogste 
cardiovasculaire risico hebben de laagste spiegels van ongecarboxyleerd (uc) MGP. Er 
was tot op heden geen onderzoek naar serumspiegels van ongefosforyleerd of 
ongecarboxyleerd MGP in hypertensie patiënten. In hoofdstuk 4 presenteren we deze 
gemiddelde waarden gemeten in een groep met graad 1 tot 2 hypertensie en 
vergelijken die met een normotensive controlegroep. Gemiddeld genomen was zowel 
het totale ongefosforyleerde als ook het totale ongecarboxyleerde MGP in de 
hypertensiegroep verlaagd. Dit suggereert dat in deze groep er mogelijk al een 
verhoogde neiging tot vaatverkalking bestaat hoewel dit dan nog niet altijd zichtbaar 
is.  
Van alle eiwitten die genoemd worden in hoofdstuk 2, speelt MGP een centrale rol in 
de inhibitie van het calcificatie proces. De relatie van MGP met het cardiovasculaire 
risico en vaatcalcificaties is dan ook uitvoerig bestudeerd. Er is echter geen onderzoek 
gedaan naar de klaring van dit eiwit uit de circulatie. In hoofdstuk 5 beschrijven we 
onze studie waarin we de renale klaring van ongefosforyleerd MGP bestuderen. Zoals 
verwacht is de klaring van een dergelijk klein eiwit stabiel onafhankelijk van de 
nierfunctie. De serumspiegels van ongefosforyleerd MGP zijn derhalve waarschijnlijk 
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onafhankelijk van de nierfunctie, tenminste zolang de geschatte creatinineklaring 
meer dan 20 ml/min bedraagt.  
Vanwege de associatie van MGP serum spiegels met vasculaire calcificatie en ten 
tweede de relatie van vasculaire calcificatie met vaatstijfheid hadden we de 
hypothese dat een verminderde hoeveelheid functioneel MGP kan leiden tot meer 
vaatcalcificaties en daarmee tot meer stijfheid. Deze hypothese hebben we getest in 
de Hoorn studie populatie, een populatie met gemiddeld oudere personen waarin 
uitvoerig metingen van de vaatstijfheid zijn verricht. De resultaten zijn beschreven in 
hoofdstuk 6. Er is een associatie tussen totaal ongefosforyleerd, ongecarboxyleerd 
MGP en centrale arteriële stijfheid. Dit blijkt vooral uit de significante relatie tussen 
dit MGP en “Young’s elastic modulus” van de carotis. De associaties met andere 
stijfheidmaten waren in deze studie niet significant. Er was wel een sterke relatie 
tussen MGP en meerdere bloeddruk determinanten. Mogelijk door een stimulatie van 
de MGP productie door druk. 
MGP ondergaat waarschijnlijk een tweetal posttranslationele modificaties. Ten eerste 
is er fosforylatie om de cellulaire secretie te vergemakkelijken. Ten tweede is er 
carboxylatie door vitamine K. Dit laatste om het calcificatie inhiberende effect door 
remming van BMP2 en voorkoming van calcium neerslagen in de vasculaire matrix 
volledig tot expressie te laten komen. In hoofdstuk 7 beschrijven we de associatie 
tussen totale vasculaire calcificatie (gemeten met computer tomografie), vitamine K 
status en MGP. Er was een significante relatie tussen vitamine K status en totale 
vasculaire calcificatie. Daarnaast bestond er een sterke relatie tussen vitamine K 
status en serum ucMGP. 
Vitamine K lijkt derhalve belangrijk om de hoeveelheid functioneel MGP te vergroten 
en zo calcificatie te verminderen. In dierexperimenten heeft men dan ook excessieve 
verkalking gevonden als men de vorming van vitamine K blokkeert door het toedienen 
van vitamine K antagonisten (VKA’s). Een soortgelijk effect werd gezien bij mensen die 
VKA’s gebruikten en calcificatie van de coronairen. Deze studies waren echter cross 
sectioneel en verricht in een oudere populatie. Daarnaast was de indicatie voor het 
geven van VKA’s vaak een aandoening die ook sterk geassocieerd is met 
vaatcalcificaties wat mogelijk een verstorende variabele zou kunnen zijn. In hoofdstuk 
8 onderzoeken we de invloed van langdurig (>10 jaar)VKA’s gebruik op 
vaatcalcificaties in een jongere populatie zonder andere cardiovasculaire 
risicofactoren. De Odd’s ratio voor het hebben van perifere vaatcalcificaties was in 
deze groep 8.5 (95% betrouwbaarheids interval 2.01 – 35.95) vergeleken met een 
gezonde controle groep. 
In hoofdstuk 9 bespreken we de belangrijkste uitkomsten van dit proefschrift en 
plaatsen we deze in perspectief. We speculeren over mogelijk toekomstig onderzoek 
om de klinische betekenis van MGP concentraties in bloed en de behandeling van 
vasculaire calcificaties om zodoende wellicht het cardiovasculaire risico van de patiënt 
verder te verlagen.  
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