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A B S T R A C T   

Aim: To clarify the role of mediators of ectopic mineralization as biomarkers for arterial calcifications. 
Methods: MEDLINE and Embase were searched for relevant literature, until January 4th 2022. The investigated 
biomarkers were: calcium, phosphate, parathyroid hormone, vitamin D, pyrophosphate, osteoprotegerin, re-
ceptor activator of nuclear factor-kappa B ligand (RANKL), fibroblast growth factor-23 (FGF-23), Klotho, 
osteopontin, osteocalcin, Matrix Gla protein (MGP) and its inactive forms and vitamin K. Studies solely per-
formed in patients with kidney insufficiency or diabetes mellitus were excluded. 
Results: After screening of 8985 articles, a total of 129 articles were included in this systematic review. For all 
biomarkers included in this review, the results were variable and more than half of the studies for each specific 
biomarker had a non-significant result. Also, the overall quality of the included studies was low, partly as a result 
of the mostly cross-sectional study designs. The largest body of evidence is available for phosphate, osteopontin 
and FGF-23, as a little over half of the studies showed a significant, positive association. Firm statements for these 
biomarkers cannot be drawn, as the number of studies was limited and hampered by residual confounding or had 
non-significant results. The associations of the other mediators of ectopic mineralization with arterial calcifi-
cations were not clear. 
Conclusion: Associations between biomarkers of ectopic mineralization and arterial calcification are variable in 
the published literature. Future longitudinal studies differentiating medial and intimal calcification could add to 
the knowledge of biomarkers and mechanisms of arterial calcifications.   

1. Introduction 

Arterial calcifications are highly prevalent, especially in older adults 
(van der Toorn et al., 2020). There is a large body of evidence on the 
strong prognostic value of arterial calcifications for major cardiovas-
cular events and mortality. For example, coronary artery calcification 
(CAC) has been associated with coronary artery disease (CAD) and ce-
rebrovascular disease (Wu et al., 2016a). Furthermore, intracranial ar-
tery calcifications have been associated with cerebrovascular disease 
(Wu et al., 2016a). Arterial calcifications are also strong predictors of 
mortality, both all-cause mortality and cardiovascular mortality (van 

der Toorn et al., 2020). 
Arterial calcification can be present in different locations of the 

blood vessel wall. Calcification in the tunica intima seems to be related 
to lipid deposits and infiltration of inflammatory cells. It is commonly 
thought that these calcifications are a positive reparative mechanism 
that prevent plaque growth and rupture. Calcification in the tunica 
media seems to result from transformation of vascular smooth muscle 
cells into osteoblast-like cells (Lee et al., 2020). The transformation into 
osteoblast-like cells is an active process in which mediators of bone 
metabolism seem to have an important role (Rochette et al., 2019). 
Medial calcifications are associated with arterial stiffening and may be a 
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cause of chronic cardiovascular disease and organ failure (Kockelkoren 
et al., 2017). 

Important mediators of ectopic mineralization are osteoprotegerin 
(OPG) and receptor activators of nuclear factor kappa-B ligand 
(RANKL). RANKL plays an important role in bone metabolism by pro-
moting bone resorption. Also, it seems to promote arterial calcification 
(Rochette et al., 2019). OPG binds RANKL, which inhibits the RANKL 
effects. The possible effect on arterial calcification is clear in OPG 
depleted mice. These mice develop spontaneous and severe arterial 
calcification (Rochette et al., 2019). Another mediator of ectopic 
mineralization is osteopontin, a protein involved in accelerating osteo-
clast function (Lee et al., 2020). The possible protective role of osteo-
pontin against arterial calcification is again proposed from osteopontin 
depleted mice. These mice demonstrated increased arterial calcification 
(Lok and Lyle, 2019). Osteocalcin, a protein that can be used as a marker 
for bone turnover, might also have a role in arterial calcification (Millar 
et al., 2019). 

Furthermore, arterial calcifications are more common in patients 
with chronic kidney disease. In this population calcium, but especially, 
phosphate disturbances resulting in hyperphosphatemia seem to be 
important for the development of arterial calcification (Bäck and 
Michel, 2021). The importance of phosphate for arterial calcification 
also becomes clear when investigating genetic disorders resulting in 
arterial calcification. Generalized arterial calcification of infancy (GACI) 
and pseudoxanthoma elasticum (PXE) for example, demonstrate severe 

arterial calcifications because of a genetic mutation resulting in an in-
crease of inorganic phosphate and a decrease of inorganic pyrophos-
phate. The latter serves as a physiological inhibitor of calcification and 
growth (Rutsch et al., 2021). In preserving the balance between calcium 
and phosphate concentrations, parathyroid hormone (PTH) and vitamin 
D are important (Locatelli et al., 2002). Other proteins that have a role in 
the regulation of phosphate are fibroblast growth-factor 23 (FGF-23) 
and Klotho, a coreceptor for FGF-23. These factors decrease renal 
phosphate reabsorption and thereby decrease phosphate serum con-
centrations (Pescatore et al., 2019). 

Also, matrix Gla protein (MGP) has an important role in arterial 
calcifications. MGP is a vitamin K-dependent protein and is considered 
to be a powerful inhibitor of arterial calcification. MGP in its phos-
phorylated and carboxylated form is the active protein. Vitamin K is 
necessary as an enzyme to transform MGP in this active form. In case of 
vitamin K deficiencies, other inactive forms of MGP can be present: 
uncarboxylated MGP (uc-MGP), carboxylated but dephosphorylated 
MGP (dp-cMGP) and uncarboxylated an dephosphorylated MGP (dp- 
ucMGP) (Roumeliotis et al., 2019). For an overview of these mediators 
of ectopic mineralization and their possible pathophysiological influ-
ence on arterial calcifications see Fig. 1. 

As aforementioned, there are several mediators of ectopic minerali-
zation that seem to play a role in arterial calcification. These biomarkers 
could potentially be used for prediction of progression of calcification, 
and to discover or monitor treatment options of arterial calcification. 

PTH = parathyroid hormone

FGF 23 = fibroblast growth factor 23

MGP = matrix Gla protein

Legend

OPG = osteoprotegerin

RANKL = receptor ac�vators of nuclear factor kappa B ligand

OPN = osteopon�n

* This figure is a simplified projec�on of the complex
pathophysiology of arterial calcifica�on

Fig. 1. simplified scheme of pathophysiological processes related to arterial calcifications.  
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Therefore, we conducted a systematic review to summarize evidence on 
these possible biomarkers as etiological factors of arterial calcifications 
and evaluate the quality and level of evidence of the studies to elaborate 
on the potential therapeutic properties of these biomarkers. We focused 
this systematic review on patients without kidney disease or diabetes 
mellitus, because of the metabolic changes that influence the vascular 
metabolism. 

2. Material and methods 

The systematic review was performed according to the protocol 
described by the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) for systematic reviews (Moher et al., 2015). 

2.1. Search strategy 

For this systematic review, the medical databases MEDLINE and 
Embase were searched until January 4th 2022. We searched on bio-
markers of ectopic mineralization and the association with arterial cal-
cifications. The search terms, generated by one of the authors (NG) in 
consultation with an experienced librarian, are fully described in the 
Supplementary appendix (Supplementary appendix 1). The search was 
limited to human subjects. Furthermore, the Embase search was limited 
to articles, reviews and articles in press. There was no limitation for 
language. Duplicates were removed using Rayyan software (Ouzzani 
et al., 2016). 

2.2. Selection criteria 

All original articles that investigated an association between arterial 
calcification and one of the following serum biomarkers of ectopic 
mineralization were included: calcium, phosphate, PTH, vitamin D, 
pyrophosphate, OPG, RANKL, FGF-23, Klotho, osteopontin, osteocalcin, 
MGP and its inactive forms, and vitamin K. We only included articles in 
adults. We excluded articles that measured arterial calcification through 
X-ray, because X-ray is less reliable in detecting arterial calcification 
than other methods like computed tomography (CT) scans (Cecelja 
et al., 2013). Sensitivity analysis was performed to study whether the 
results changed when studies with X-ray were included. There was no 
exclusion based on the site of the calcification, but valve calcifications 
were not included. 

Articles in languages different from English, Dutch, German or 
French were excluded after screening. Articles solely targeting patients 
with kidney insufficiency and diabetes mellitus were excluded from the 
analyses because of the metabolic changes that influence the vascular 
metabolism in these patients. 

2.3. Study selection 

Study selection was performed by two of the authors independently 
(NG and MS) using Rayyan software (Ouzzani et al., 2016). After 
separately selecting all articles, the differences were discussed between 
those two authors. The remaining uncertainties were then discussed 
with a third author (HK). 

2.4. Data extraction 

One of the authors (NG) extracted the descriptive and outcome data 
from the selected articles. The following data was selected: study design, 
population characteristics, method of arterial calcification calculation, 
location of measured arterial calcification and analyzed biomarker. 

2.5. Quality assessment 

The quality assessment has been performed by one of the authors 
(NG) using the National Heart, Lung and Blood Institute (NIH) quality 

assessment tool (Institue TNHLaB Quality assessment tool). Observa-
tional Cohort and Cross-Sectional Studies were assessed with a tool 
consisting of 14 questions. The answers to the questions in the tool could 
be yes, moderate, no, not reported or not applicable. The exact inter-
pretation of these questions is fully added in the Supplementary ap-
pendix (Supplementary appendix 2). After the quality assessment, all 
answers were added; 1 point for yes, 0.5 for moderate and 0 for no or not 
reported. If questions were not applicable, this question was subtracted 
from the total. 

3. Results 

We identified 8985 articles through electronic database searching. 
After removing all duplicates, 5975 articles remained for screening. Of 
these, 5846 articles were excluded for various reasons. During the se-
lection process there were no remaining uncertainties that had to be 
discussed with a third author. Of all screened articles, 28 (0,5 %) were 
excluded because of language. Of these articles fifteen were in Japanese, 
four in Russian, three in Polish and one in either Chinese, Arabic, 
Spanish, Italian, Croatian or Czech. Furthermore, eleven (0,2 %) had to 
be excluded, because there was no full text available, even after 
requesting the authors for a full text. Lastly, one article was excluded 
because it performed analyses in the same cohort as another study with 
the same biomarkers. Fig. 2 illustrates the complete study identification. 
After screening, 129 articles remained eligible for this review. The 
complete data extraction is added in the Supplementary appendix 3. 

The results of the sensitivity analysis including studies that used X- 
ray as measurement for arterial calcification are presented in the Sup-
plementary appendix 3a. The studies mostly included calcification of the 
abdominal aorta and the results were comparable. 

3.1. Biomarkers of ectopic mineralization 

3.1.1. Calcium 
Thirty-four articles published results investigating a possible asso-

ciation between calcium and arterial calcification (Alagoz et al., 2014; 
Arad et al., 1998; Billington et al., 2020; Chen et al., 2006; Criqui et al., 
2010; Foley et al., 2009; Grønhøj et al., 2016; Kim et al., 2013; Kwak 
et al., 2014; Liang et al., 2021; Nam et al., 2017; Nielsen et al., 2021; 
Park et al., 2011; Park et al., 2016; Shin et al., 2012; Tuersun et al., 2020; 

3010 duplicates excluded

5975 ar�cles iden�fied for screening

8985 records iden�fied through
dataset searching

4586 MEDLINE
4399 Embase

5846 ar�cles excluded
2929 wrong outcome
1005 wrong biomarker
466 kidney insufficiency
195 wrong popula�on
1095 wrong study design
58 wrong publica�on type
29 diabetes mellitus
28 X ray
28 language
11 no full text
1 children
1 same cohort

129 ar�cles included

Fig. 2. Study selection.  
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Tuttle and Short, 2009; Wei et al., 2020; Wu et al., 2016b; Zagura et al., 
2011; Barbarash et al., 2016; Cancela et al., 2012; Chai et al., 2017; 
Davaine et al., 2016; Diederichsen et al., 2017; Donate-Correa et al., 
2019; Golovkin et al., 2016; Liu et al., 2019; Masai et al., 2013; Pirro 
et al., 2013; Schlieper et al., 2010; Torii et al., 2016; Awan et al., 2010; 
Razavi et al., 2021). Of these studies, nine reported positive associations 
(Grønhøj et al., 2016; Kwak et al., 2014; Nielsen et al., 2021; Shin et al., 
2012; Tuttle and Short, 2009; Zagura et al., 2011; Diederichsen et al., 
2017; Golovkin et al., 2016; Awan et al., 2010) and 25 reported no 
significant association (Alagoz et al., 2014; Arad et al., 1998; Billington 
et al., 2020; Chen et al., 2006; Criqui et al., 2010; Foley et al., 2009; Kim 
et al., 2013; Liang et al., 2021; Nam et al., 2017; Park et al., 2011; Park 
et al., 2016; Tuersun et al., 2020; Wei et al., 2020; Wu et al., 2016b; 
Barbarash et al., 2016; Cancela et al., 2012; Chai et al., 2017; Davaine 
et al., 2016; Donate-Correa et al., 2019; Liu et al., 2019; Masai et al., 
2013; Pirro et al., 2013; Schlieper et al., 2010; Torii et al., 2016; Razavi 
et al., 2021). Five studies were longitudinal, of which one showed a 
positive association (Arad et al., 1998; Foley et al., 2009; Tuttle and 
Short, 2009; Diederichsen et al., 2017; Liu et al., 2019). This study 
included 1006 people from a general population born in 1949 (60–61 
years of age) or 1959 (50–51 years of age). After five years of follow-up 
the participants without coronary calcifications at baseline showed 
more CAC progression (incidence rate ratio (IRR) 201, p 0.01) (Die-
derichsen et al., 2017). Furthermore, in patients with coronary calcifi-
cation at baseline there was no association between calcium and CAC 
progression (Diederichsen et al., 2017). Of the eight studies that showed 
a positive association between calcium and arterial calcification in a 
cross-sectional design, three were not adjusted for possible confounders 
(Nielsen et al., 2021; Golovkin et al., 2016; Awan et al., 2010). The other 
five were of moderate quality of evidence (Grønhøj et al., 2016; Kwak 
et al., 2014; Shin et al., 2012; Tuttle and Short, 2009; Zagura et al., 
2011). 

In summary, the majority of papers extracted in this systematic re-
view showed no significant association between calcium and arterial 
calcification. 

3.1.2. Phosphate 
Thirty-five studies investigated a possible association between 

phosphate and arterial calcification (Alagoz et al., 2014; Billington et al., 
2020; Chen et al., 2006; Criqui et al., 2010; Foley et al., 2009; Grønhøj 
et al., 2016; Kim et al., 2013; Kwak et al., 2014; Liang et al., 2021; Nam 
et al., 2017; Nielsen et al., 2021; Park et al., 2011; Park et al., 2016; Shin 
et al., 2012; Tuersun et al., 2020; Tuttle and Short, 2009; Wei et al., 
2020; Wu et al., 2016b; Barbarash et al., 2016; Cancela et al., 2012; Chai 
et al., 2017; Diederichsen et al., 2017; Donate-Correa et al., 2019; 
Golovkin et al., 2016; Liu et al., 2019; Masai et al., 2013; Pirro et al., 
2013; Schlieper et al., 2010; Torii et al., 2016; Awan et al., 2010; Razavi 
et al., 2021; Martín-Reys et al., 2016; Barbarash et al., 2019; McPherson 
et al., 2012; Park et al., 2020). Of these studies, fourteen reported a 
significant positive association (Foley et al., 2009; Kim et al., 2013; 
Kwak et al., 2014; Park et al., 2011; Park et al., 2016; Shin et al., 2012; 
Tuersun et al., 2020; Tuttle and Short, 2009; Cancela et al., 2012; Die-
derichsen et al., 2017; Barbarash et al., 2019; McPherson et al., 2012; 
Park et al., 2020), three a negative association (Chen et al., 2006; Kim 
et al., 2013; Razavi et al., 2021) and twenty no significant association 
(Alagoz et al., 2014; Billington et al., 2020; Criqui et al., 2010; Grønhøj 
et al., 2016; Liang et al., 2021; Nam et al., 2017; Nielsen et al., 2021; Wei 
et al., 2020; Wu et al., 2016b; Barbarash et al., 2016; Chai et al., 2017; 
Donate-Correa et al., 2019; Golovkin et al., 2016; Liu et al., 2019; Masai 
et al., 2013; Pirro et al., 2013; Schlieper et al., 2010; Torii et al., 2016; 
Awan et al., 2010; Martín-Reys et al., 2016). Six articles described a 
longitudinal study of which two articles were the same cohort, but with 
a different time to follow-up (Alagoz et al., 2014; Foley et al., 2009; 
Tuttle and Short, 2009; Diederichsen et al., 2017; Liu et al., 2019; 
McPherson et al., 2012). Of these five longitudinal cohorts, three 
showed a positive association between phosphate and arterial 

calcification at follow-up (Foley et al., 2009; Diederichsen et al., 2017; 
McPherson et al., 2012). In 3015 young adults (18–30 years of age) 
higher phosphate concentrations at baseline was associated with the 
presence of CAC at fifteen years of follow-up (odds ratio (OR) 1.71, p 
0.03), not corrected for the presence of CAC at baseline (Foley et al., 
2009). In another cohort of 1006 people born in 1949 (60–61 years of 
age) or 1959 (50–51 years of age) higher phosphate was associated with 
more CAC progression after five years when coronary calcification was 
present at baseline (IRR 3.60, p 0.01). There was no significant associ-
ation between phosphate at baseline and CAC progression in patients 
without coronary calcification at baseline (Diederichsen et al., 2017). 
Lastly, in 721 community-dwelling adults without known cardiovascu-
lar disease (CVD) higher phosphate was associated with more progres-
sion of CAC after ten years (β 0.50, p < 0.001) (McPherson et al., 2012). 
Of the two longitudinal studies that did not show an association between 
phosphate and arterial calcification one had a small sample size of 75 
participants (Alagoz et al., 2014). The other was of moderate to high 
quality of evidence (Liu et al., 2019). Of the nine articles with a positive 
association in a cross-sectional design, one study was not corrected for 
possible confounders (Barbarash et al., 2019). The other eight articles 
were of low to moderate quality of evidence (Kim et al., 2013; Kwak 
et al., 2014; Park et al., 2011; Park et al., 2016; Shin et al., 2012; Tuersun 
et al., 2020; Cancela et al., 2012; Park et al., 2020). Of the two studies 
that showed a negative association between phosphate and arterial 
calcification, one was not corrected for possible confounders (Chen 
et al., 2006). The other study was of moderate quality of evidence (Kim 
et al., 2013; Razavi et al., 2021). 

There were no studies that investigated an association between py-
rophosphate and arterial calcification. 

In summary, even though 40 % of the longitudinal studies did not 
show an association, there are some indications that phosphate can 
predict the development of arterial calcification in the future. It is not 
clear if this association is only present in people with already existing 
arterial calcification at baseline. Most studies showed no association 
between phosphate and arterial calcification in a cross-sectional design. 

3.1.3. Calcium‑phosphorus product 
Fifteen studies reported analyses of the association of cal-

cium‑phosphorus product and arterial calcification (Alagoz et al., 2014; 
Foley et al., 2009; Kim et al., 2013; Kwak et al., 2014; Nam et al., 2017; 
Nielsen et al., 2021; Park et al., 2011; Shin et al., 2012; Wu et al., 2016b; 
Diederichsen et al., 2017; Masai et al., 2013; Awan et al., 2010; Razavi 
et al., 2021; Leckstroem et al., 2014; Cm et al., 2009). Of these studies, 
five indicated a positive association (Kim et al., 2013; Kwak et al., 2014; 
Shin et al., 2012; Diederichsen et al., 2017; Cm et al., 2009), one a 
negative association (Razavi et al., 2021) and nine no significant asso-
ciation (Alagoz et al., 2014; Foley et al., 2009; Nam et al., 2017; Nielsen 
et al., 2021; Park et al., 2011; Wu et al., 2016b; Masai et al., 2013; Awan 
et al., 2010; Leckstroem et al., 2014). Of the three longitudinal studies, 
one showed a positive association (Alagoz et al., 2014; Foley et al., 2009; 
Diederichsen et al., 2017). This study includes 1006 participants from 
the general population born in 1949 (60–61 years of age) or 1959 
(50–51 years of age). It showed a positive association between cal-
cium‑phosphorus product and CAC progression after five years of 
follow-up for both participants without CAC at baseline (IRR 2.46, p 
0.02) and participants with CAC at baseline (IRR 1.53, p 0.03) (Die-
derichsen et al., 2017). The two other longitudinal studies showed no 
significant association (Alagoz et al., 2014; Foley et al., 2009). One of 
these studies is of high quality (Foley et al., 2009). The other includes a 
small sample size of 75 participants (Alagoz et al., 2014). The cross- 
sectional studies were of low to moderate quality of evidence. 

In summary, there were conflicting results and the majority of papers 
extracted in this systematic review showed no significant association. 

3.1.4. Parathyroid hormone 
Three of 23 studies that analyzed a possible association between PTH 
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and arterial calcification found a positive association (Tuersun et al., 
2020; Wu et al., 2016b; Billington et al., 2016) and twenty no associa-
tion (Alagoz et al., 2014; Arad et al., 1998; Billington et al., 2020; 
Grønhøj et al., 2016; Barbarash et al., 2016; Cancela et al., 2012; 
Davaine et al., 2016; Diederichsen et al., 2017; Golovkin et al., 2016; 
Masai et al., 2013; Pirro et al., 2013; Torii et al., 2016; Razavi et al., 
2021; Martín-Reys et al., 2016; Cm et al., 2009; Bellasi et al., 2013; 
Soares et al., 2015; Bernandes et al., 2019; Kim et al., 2012; Watson 
et al., 1997). In the included articles there were two studies that were 
longitudinal (Alagoz et al., 2014; Diederichsen et al., 2017). However, 
these two articles did not show an association between PTH and pro-
gression of coronary calcifications (Alagoz et al., 2014; Diederichsen 
et al., 2017). The three studies that did find a positive association were 
all cross-sectional (Tuersun et al., 2020; Wu et al., 2016b; Billington 
et al., 2016). 

In conclusion, the majority of papers showed no significant associ-
ation between PTH and arterial calcification. 

3.1.5. Vitamin D 
In total, 30 studies performed analyses on a possible association 

between 25-hydroxyvitamin D (25(OH)D) and arterial calcifications 
(Billington et al., 2020; Grønhøj et al., 2016; Tuersun et al., 2020; Zagura 
et al., 2011; Davaine et al., 2016; Liu et al., 2019; Pirro et al., 2013; 
Awan et al., 2010; Razavi et al., 2021; Bernandes et al., 2019; Kim et al., 
2012; de Boer et al., 2009; Cheru et al., 2019; Doherty et al., 1997; El 
Mokadem et al., 2021; Eyyüpkoca et al., 2021; Ho et al., 2015; Kiani 
et al., 2013; Lai et al., 2013; Lee et al., 2016; Lim et al., 2012; Michos 
et al., 2009; Moradi and Foroutanfar, 2017; Nikolova et al., 2021; 
Rodrigues et al., 2021; Sajjadieh et al., 2020; Satilmis et al., 2015; 
Shikuma et al., 2012; Sung et al., 2016; Janus et al., 2021). Of these, ten 
studies found a negative association between 25(OH)D and arterial 
calcification (Zagura et al., 2011; Pirro et al., 2013; de Boer et al., 2009; 
Doherty et al., 1997; El Mokadem et al., 2021; Eyyüpkoca et al., 2021; 
Lai et al., 2013; Lee et al., 2016; Moradi and Foroutanfar, 2017; Niko-
lova et al., 2021), two a positive association (Zagura et al., 2011; Sung 
et al., 2016) and nineteen no significant association (Billington et al., 
2020; Grønhøj et al., 2016; Tuersun et al., 2020; Davaine et al., 2016; Liu 
et al., 2019; Awan et al., 2010; Razavi et al., 2021; Bernandes et al., 
2019; Kim et al., 2012; Cheru et al., 2019; Ho et al., 2015; Kiani et al., 
2013; Lim et al., 2012; Michos et al., 2009; Rodrigues et al., 2021; 
Sajjadieh et al., 2020; Satilmis et al., 2015; Shikuma et al., 2012; Janus 
et al., 2021). There were two longitudinal studies of which one showed a 
significant association (Liu et al., 2019; de Boer et al., 2009). This study 
included 1370 community-dwelling adults (45–84 years of age) without 
clinical CVD. After three years of follow-up there was more CAC pro-
gression in patients without CAC at baseline with lower 25(OH)D con-
centration at baseline (relative risk (RR) 1.23, p 0.05) (de Boer et al., 
2009). However, there was no association between 25(OH)D and CAC 
progression in patients with CAC at baseline (de Boer et al., 2009). The 
studies with a significant association in a cross-sectional design were all 
of low to moderate quality of evidence (Zagura et al., 2011; Pirro et al., 
2013; Doherty et al., 1997; El Mokadem et al., 2021; Eyyüpkoca et al., 
2021; Lai et al., 2013; Lee et al., 2016; Moradi and Foroutanfar, 2017; 
Nikolova et al., 2021; Sung et al., 2016). Four studies were not adjusted 
for possible confounders (Pirro et al., 2013; El Mokadem et al., 2021; 
Moradi and Foroutanfar, 2017; Nikolova et al., 2021). 

Of the eight studies that analyzed a possible association between 
1,25-dihydroxyvitamin D (1,25(OH)2D) and arterial calcifications (Arad 
et al., 1998; Barbarash et al., 2016; Diederichsen et al., 2017; Golovkin 
et al., 2016; Masai et al., 2013; Awan et al., 2010; Watson et al., 1997; de 
Boer et al., 2009), three showed a negative association (Diederichsen 
et al., 2017; Masai et al., 2013; Watson et al., 1997) and five showed no 
association (Arad et al., 1998; Barbarash et al., 2016; Golovkin et al., 
2016; Awan et al., 2010; de Boer et al., 2009). There were two longi-
tudinal study, but these papers reported no significant association 
(Diederichsen et al., 2017; de Boer et al., 2009). Of the three cross- 

sectional studies that did find a negative association, one did not 
adjust the results for confounders (Watson et al., 1997). One study was 
of high quality of evidence (Diederichsen et al., 2017). It included 1006 
people from the general population born in 1949 (60–61 years of age) 
and 1959 (50–51 years of age). At baseline the authors reported lower 
1,25(OH)2D concentrations in people with CAC (p 0.01) [410]. How-
ever, there was no association with progression of CAC after five years 
(Diederichsen et al., 2017). The other study has a relative small sample 
size of 148 participants and was of moderate quality of evidence (Masai 
et al., 2013). 

It can be concluded that most papers on the association of vitamin D 
with arterial calcifications showed no significant results and results were 
conflicting with both positive and negative associations. 

3.1.6. FGF-23 
Five of ten included studies that analyzed a possible association 

between FGF-23 and arterial calcification showed a positive association 
(Masai et al., 2013; Holden et al., 2018; Kestenbaum et al., 2014; Xiao 
et al., 2013; Morita et al., 2015). The other five showed no significant 
association (Cancela et al., 2012; Razavi et al., 2021; Martín-Reys et al., 
2016; Roos et al., 2008; Zamparini et al., 2018). There were no longi-
tudinal studies included. Of the five studies that found a positive asso-
ciation there were two articles with large study populations 
(Kestenbaum et al., 2014; Xiao et al., 2013). In 6546 community- 
dwelling adults (45–85 years of age) without known clinical CVD, 
adults with a FGF-23 concentration in the highest quartile (46.4-223 pg/ 
mL) had more frequent CAC than adults with FGF-23 in the lowest 
quartile (<30.5 pg/mL) (OR 1.26, 95 %-confidence interval (95 %-CI): 
1.09–1.46) (Kestenbaum et al., 2014). The other large study included 
2076 patients who underwent a diagnostic coronary angiogram (Xiao 
et al., 2013). However, these results were not adjusted for possible 
confounders (Xiao et al., 2013). The other three studies that found a 
positive association included smaller study populations, ranging from 
148 to 204 participants, and lower quality of evidence (Masai et al., 
2013; Holden et al., 2018; Morita et al., 2015). The papers that reported 
no significant associations were of moderate quality of evidence and 
included smaller study populations, ranging from 30 to 325 included 
participants (Cancela et al., 2012; Razavi et al., 2021; Martín-Reys et al., 
2016; Roos et al., 2008; Zamparini et al., 2018). 

One study investigated the association between intact FGF-23 and c- 
terminal fragments of FGF-23 and arterial calcification in patients with 
peripheral arterial disease and reported that both biomarkers were 
higher in patients with calcification (Donate-Correa et al., 2019). 
However, these results were not adjusted for possible confounders. 

It can be concluded that results from studies on the association be-
tween FGF-23 and arterial calcifications are inconsistent with half of the 
studies in this systematic review showing a positive association and the 
other half showing no association. However, the studies that indicated 
no association included smaller study populations. There were no lon-
gitudinal studies analyzing an association between FGF-23 and arterial 
calcifications. 

3.1.7. Klotho 
One of two studies in this systematic review found a negative asso-

ciation between Klotho and arterial calcification (Morita et al., 2015; 
Koga et al., 2021). In 75 patients with stable angina pectoris who un-
derwent an intravascular ultrasound (IVUS) of the coronary arteries and 
Klotho was higher in patients with a lower CalcIndex (OR 6.94, p 0.026) 
(Koga et al., 2021). 

Because of the small number of studies included it is not possible to 
make any conclusion about a possible association between Klotho and 
arterial calcification. 

3.1.8. Osteoprotegerin and RANKL 
In total, 38 studies are published that investigated a possible asso-

ciation between OPG and arterial calcification (Barbarash et al., 2016; 
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Chai et al., 2017; Davaine et al., 2016; Diederichsen et al., 2017; 
Golovkin et al., 2016; Liu et al., 2019; Torii et al., 2016; Bernandes et al., 
2019; Abedin et al., 2007; Asanuma et al., 2007; Bakhireva et al., 2008; 
Berezin and Kremzer, 2013a; Bezerra et al., 2005; Dekker et al., 2021; 
Esteghamati et al., 2014; Frost et al., 2008; Golledge et al., 2008; Hos-
bond et al., 2014a; Ketlogetswe et al., 2015; Kiani et al., 2017; Lieb et al., 
2010; Liu et al., 2020; Mohammadpour et al., 2012; Nugroho and 
Widorini, 2017; Omland et al., 2007; Park et al., 2006; Pérez de Ciriza 
et al., 2014; Poornima et al., 2014; Poornima et al., 2018; Quercioli 
et al., 2012; Vinholt et al., 2013; Hosbond et al., 2014b; Hwang et al., 
2012; Kwon et al., 2016; Pesaro et al., 2018; Salari et al., 2017; Stȩpień 
et al., 2012; Wilund et al., 2008). Nineteen studies indicated a positive 
association (Barbarash et al., 2016; Chai et al., 2017; Liu et al., 2019; 
Torii et al., 2016; Abedin et al., 2007; Asanuma et al., 2007; Dekker 
et al., 2021; Esteghamati et al., 2014; Golledge et al., 2008; Ketlogetswe 
et al., 2015; Liu et al., 2020; Nugroho and Widorini, 2017; Omland et al., 
2007; Park et al., 2006; Pérez de Ciriza et al., 2014; Poornima et al., 
2014; Kwon et al., 2016; Stȩpień et al., 2012) two a negative association 
(Golovkin et al., 2016; Mohammadpour et al., 2012) and seventeen no 
association (Davaine et al., 2016; Diederichsen et al., 2017; Bernandes 
et al., 2019; Bakhireva et al., 2008; Bezerra et al., 2005; Frost et al., 
2008; Hosbond et al., 2014a; Kiani et al., 2017; Lieb et al., 2010; 
Poornima et al., 2018; Quercioli et al., 2012; Vinholt et al., 2013; Hos-
bond et al., 2014b; Hwang et al., 2012; Pesaro et al., 2018; Salari et al., 
2017; Wilund et al., 2008). There were four longitudinal studies 
included in this systematic review (Diederichsen et al., 2017; Liu et al., 
2019; Lieb et al., 2010; Liu et al., 2020). One of these longitudinal 
studies indicated a positive association. However, the authors did not 
adjust their results for possible confounders (Liu et al., 2019). Another 
longitudinal study in 1106 participants ≥60 years of age without carotid 
plaque at baseline, higher OPG at baseline was associated with the 
presence of carotid calcification after five years of follow-up (hazard 
ratio (HR) 1.15, 95 %-CI: 1.03, 2.12) (Liu et al., 2020). In this same 
cohort another study was performed with coronary calcification as 
outcome measure after five years follow-up. There was no association 
between OPG and coronary calcification shown (Lieb et al., 2010). Of 
the cross-sectional studies included that indicated a significant associ-
ation more than half were not adjusted for possible confounders and had 
low quality of evidence (Barbarash et al., 2016; Chai et al., 2017; 
Golovkin et al., 2016; Torii et al., 2016; Golledge et al., 2008; 
Mohammadpour et al., 2012; Nugroho and Widorini, 2017; Omland 
et al., 2007; Pérez de Ciriza et al., 2014; Stȩpień et al., 2012). The cross- 
sectional studies not indicating an association partly included small 
sample sizes. However, there were also a few studies including large 
study populations without significant associations. The study pop-
ulations ranged from eleven to 152 participants. 

Eleven studies were performed investigating a possible association 
between RANKL and arterial calcification (Davaine et al., 2016; Ber-
nandes et al., 2019; Bakhireva et al., 2008; Bezerra et al., 2005; Ketlo-
getswe et al., 2015; Lieb et al., 2010; Mohammadpour et al., 2012; 
Poornima et al., 2014; Quercioli et al., 2012; Hwang et al., 2012; Pesaro 
et al., 2018). Four reported a negative association (Davaine et al., 2016; 
Bezerra et al., 2005; Ketlogetswe et al., 2015; Poornima et al., 2014), 
three a positive association (Quercioli et al., 2012; Hwang et al., 2012; 
Pesaro et al., 2018) and four no significant association (Bernandes et al., 
2019; Bakhireva et al., 2008; Lieb et al., 2010; Mohammadpour et al., 
2012). There was one longitudinal study included that did not report a 
significant association (Lieb et al., 2010). 

Three studies investigated a possible association between OPG/ 
RANKL ratio and arterial calcification (Davaine et al., 2016; Bernandes 
et al., 2019; Mohammadpour et al., 2012). One study reported a sig-
nificant, positive association (Mohammadpour et al., 2012). This study 
did not adjust their results for any possible confounders (Mohammad-
pour et al., 2012). 

Overall, studies on the association of OPG with arterial calcifications 
showed inconsistent results, with half of the studies in this systematic 

review showing a positive association for OPG. However, the quality of 
evidence is relatively low and 46 % of the studies indicated no associ-
ation. The results on association between RANKL and arterial calcifi-
cation are inconsistent. 

3.1.9. Osteopontin 
Eight of fourteen studies showed a positive association between 

osteopontin and arterial calcification (Golovkin et al., 2016; Berezin and 
Kremzer, 2013a; Aryan et al., 2009; Berezin and Kremzer, 2013b; Luna- 
Luna et al., 2020; Nandkeolyar et al., 2019; Peng et al., 2022; Uz et al., 
2009). The other six studies did not report a significant association 
(Barbarash et al., 2016; Stȩpień et al., 2012; Wilund et al., 2008; Acar 
et al., 2012; Miyabara et al., 2011; Zwakenberg et al., 2020). One lon-
gitudinal study including 1207 patients without known CVD, but with 
intermediate risk for cardiovascular disease, reported more progression 
of CAC measured with the square root method after four years of follow- 
up, in people with higher osteopontin at baseline (β 1.25, p < 0.05). 
However, there was no significant association when the progression of 
CAC was measured with different methods and there was also no sig-
nificant association in rapid progression (Nandkeolyar et al., 2019). The 
cross-sectional studies with positive results were all with small sample 
sizes, ranging from 39 to 126 participants, and with low to moderate 
quality of evidence (Golovkin et al., 2016; Berezin and Kremzer, 2013a; 
Aryan et al., 2009; Berezin and Kremzer, 2013b; Luna-Luna et al., 2020; 
Peng et al., 2022; Uz et al., 2009). In contrast, the articles reporting no 
significant association consisted of larger study populations, ranging 
from 25 to 718 participants. 

In summary, there was insufficient evidence that there is an associ-
ation between osteopontin and arterial calcification. 

3.1.10. Osteocalcin 
In total, eighteen studies were performed investigating an associa-

tion between osteocalcin and arterial calcification (Barbarash et al., 
2016; Golovkin et al., 2016; Liu et al., 2019; Pirro et al., 2013; Torii 
et al., 2016; Awan et al., 2010; Bernandes et al., 2019; Kim et al., 2012; 
Watson et al., 1997; Salari et al., 2017; Wilund et al., 2008; Miyabara 
et al., 2011; Zwakenberg et al., 2020; Choi et al., 2015; Kim et al., 2016; 
Millar et al., 2020; Cahalane et al., 2021; Zhelyazkova-Savova et al., 
2021). Two studies reported a positive association (Liu et al., 2019; 
Salari et al., 2017), five a negative association (Golovkin et al., 2016; 
Awan et al., 2010; Kim et al., 2012; Wilund et al., 2008; Cahalane et al., 
2021) and eleven no association (Barbarash et al., 2016; Pirro et al., 
2013; Torii et al., 2016; Bernandes et al., 2019; Watson et al., 1997; 
Miyabara et al., 2011; Zwakenberg et al., 2020; Choi et al., 2015; Kim 
et al., 2016; Millar et al., 2020; Zhelyazkova-Savova et al., 2021). One 
longitudinal study reported higher osteocalcin in people with a calcified 
coronary or carotid plaque after five years of follow-up in 1571 partic-
ipants, ≥60 years of age, without plaque at baseline. However, this study 
did not adjust their results for possible confounders (Liu et al., 2019). 
The studies with a cross-sectional design showed conflicting results 
(Barbarash et al., 2016; Golovkin et al., 2016; Pirro et al., 2013; Torii 
et al., 2016; Awan et al., 2010; Bernandes et al., 2019; Kim et al., 2012; 
Watson et al., 1997; Salari et al., 2017; Wilund et al., 2008; Miyabara 
et al., 2011; Zwakenberg et al., 2020; Choi et al., 2015; Kim et al., 2016; 
Millar et al., 2020; Cahalane et al., 2021; Zhelyazkova-Savova et al., 
2021). 

Furthermore, three studies investigated uncarboxylated osteocalcin 
in which one indicated a positive association with arterial calcification 
(Okura et al., 2010) and the other two showed no association (Choi 
et al., 2015; Kim et al., 2016). The study with a positive result has a 
cross-sectional design and consists of a small sample size of 92 patients 
with essential hypertension (Okura et al., 2010). 

Lastly, two cross-sectional studies investigated an association be-
tween uncarboxylated/carboxylated osteocalcin ratio and arterial 
calcification (Choi et al., 2015; Rennenberg et al., 2010). One of these 
studies showed a positive association with coronary calcification in men, 
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but not in women (Choi et al., 2015). 
It can be concluded that studies on the association of osteocalcin with 

arterial calcifications showed inconsistent results. 

3.1.11. MGP 
Eight studies reported on an association between MGP and arterial 

calcification (Janus et al., 2021; Pesaro et al., 2018; Wilund et al., 2008; 
Acar et al., 2012; Jin et al., 2021; Jono et al., 2004; O'Donnell et al., 
2006; Silaghi et al., 2013). Five reported a positive association (Janus 
et al., 2021; Pesaro et al., 2018; Jin et al., 2021; O'Donnell et al., 2006; 
Silaghi et al., 2013), one a negative association (Jono et al., 2004) and 
two a non-significant association (Wilund et al., 2008; Acar et al., 2012). 
There were no longitudinal studies included. The cross-sectional studies 
were of low quality of evidence except for two studies. In 267 women 
who participated in a randomized controlled trial, higher MGP was re-
ported with more severe CAC (p 0.04) (O'Donnell et al., 2006). However, 
there was no significant association in men who participated in the same 
randomized controlled trial or in the general population (O'Donnell 
et al., 2006). In 130 patients without known CAD who were referred for 
a coronary CT higher MGP was reported in patients with CAC (OR 3.12, 
p 0.02) (Pesaro et al., 2018). 

Furthermore, six studies investigated dp-ucMGP with arterial calci-
fications [127,133,135-137,144,167,168,170,172,175]. One of these 
studies found a positive association. However, this cross-sectional study 
did not adjust their results for possible confounders (Dofferhoff et al., 
2021). 

Nine studies assessed a possible association between uc-MGP and 
arterial calcification (Schlieper et al., 2010; Torii et al., 2016; Rennen-
berg et al., 2010; Zhelyazkova-Savova et al., 2021; Dalmeijer et al., 
2013a; Dalmeijer et al., 2013b; Malhotra et al., 2022; Shea et al., 2011; 
Zwakenberg et al., 2018) of which two reported a significant negative 
association (Schlieper et al., 2010; Torii et al., 2016) and seven no sig-
nificant association (Rennenberg et al., 2010; Zhelyazkova-Savova et al., 
2021; Dalmeijer et al., 2013a; Dalmeijer et al., 2013b; Malhotra et al., 
2022; Shea et al., 2011; Zwakenberg et al., 2018). Both studies with a 
significant association did not adjust for possible confounders (Schlieper 
et al., 2010; Torii et al., 2016). 

Two studies found no association between dp-MGP and arterial 
calcifications (Dalmeijer et al., 2013a; Dalmeijer et al., 2013b). 

In summary, although there was some evidence that MGP has a 
positive association with arterial calcification, the studies were of low 
quality of evidence. 

3.1.12. Vitamin K 
For the biomarkers vitamin K1, protein induced by vitamin K 

absence or antagonist-2 (PIVKA-2), phylloquinone (PK), menaquinone 
(MK)-4 and MK-7 three studies analyzed an association with arterial 
calcification and no significant associations were reported (Torii et al., 
2016; Zwakenberg et al., 2020; Shea et al., 2013). 

3.2. Quality assessment 

The quality assessment showed that the average quality of the studies 
was low to modest. Most studies had a cross-sectional design which 
makes one of the questions (question 13: “Was loss to follow-up after 
baseline 20% or less?”) not applicable. The mean score of the other 
thirteen questions for all the studies was 7.2. Of the longitudinal studies, 
62 % had >20 % loss to follow-up after baseline. Furthermore, studies 
had particularly a poor result for the questions about sample size justi-
fication and the absence of repeated measures. For an overview on the 
quality assessment see Fig. 3. For a detailed quality assessment of all 
individual studies see Supplementary appendix 4. 

4. Discussion 

This systematic review shows that the associations of biomarkers of 
ectopic mineralization with arterial calcifications are not clear. For all 
biomarkers included in this review, the results are highly variable. For 
most biomarkers more than half of the studies showed a non-significant 
result. 

There are several possible explanations for our findings. First, it may 
well be that the pathophysiology for intimal arterial calcification and 
medial arterial calcification differs. As stated before, it could be that 
tunica media calcifications originate from transformation of vascular 
smooth muscle cells into osteoblast-like cells (Lee et al., 2020). This 
transformation presumably results because of alterations in the inves-
tigated biomarkers of this systematic review. On the other hand, calci-
fications in the tunica intima seem to be more related to lipid deposits 
and infiltration of inflammatory cells (Lee et al., 2020). Biomarkers 
more related to these processes were not part of this systematic review. 
In most studies the differences between these dominant types of calci-
fications are not taken into account. Second, many studies have a cross- 
sectional design which has limitations for etiologic associations. 
Although we might conclude that the serum markers seem to have no 
relevant diagnostic value for arterial calcification. Third, the measure-
ment of serum markers and/or arterial calcification varies, as well as the 
investigated study populations. Fourth, there were quality issues in 
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Fig. 3. Quality assessment.  
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several studies and overall quality was rated as modest. The largest body 
of evidence was available for phosphate, FGF-23 and osteopontin, where 
a little over half of the studies showed a significant, positive association. 
Still, firm conclusions for these biomarkers cannot be drawn, as the 
number of studies was limited and hampered by residual confounding or 
had non-significant results. This implicates that the complex mecha-
nisms of arterial calcifications and its association with the biomarkers 
are not yet clearly understood based on these serum marker studies. Our 
etiologic findings should be weighed with evidence from other sources 
such as genetic insights and from clinical trials (van Varik et al., 2012; 
Vossen et al., 2020). Studies considering genetic diseases that cause 
arterial calcification show possible etiological factors associated with 
the development of arterial calcification, such as increased inorganic 
phosphate in PXE, Primary Familial Brain Calcification (PFBC) and 
GACI. However, our study does not support that association in other 
populations. Furthermore, studies performing clinical trials with in-
terventions mediating the investigated biomarkers have not proven 
decrease of arterial calcification with these interventions (van Varik 
et al., 2012). 

There were several strengths of this study. The systematic review 
consists of a wide number of possible biomarkers of ectopic minerali-
zation. Furthermore, the search, data extraction and quality assessment 
has been thorough and the appropriate, widely acknowledged protocols 
and assessment tools have been used. 

There were a few limitations of this systematic review. It is possible 
that publication bias resulted in less publication of non-significant re-
sults. This would make the level of evidence for the associations even 
less strong. Also, the investigated biomarkers were all measured in 
serum, whereas the calcifying process is in the blood vessel wall. This 
could indicate that measuring serum biomarkers might not be the 
designated method. However, serum measures are one of the less 
invasive methods with only few disadvantages. Furthermore, it was 
preferred to use severity of calcification as the outcome measure. 
However, some studies only reported the absence or presence of arterial 
calcification. When taking only studies that noted severity of calcifica-
tion into account, the overall conclusions did not change. Lastly, there 
are several more biomarkers analyzed as possible biomarkers for ectopic 
mineralization in literature that we did not include in our systematic 
review. For example, biomarkers of inflammation, including Fetuin A, 
were not included. 

The implications of the results of this systematic review are that with 
the current available evidence it is not clear what the etiological role is 
of the investigated biomarkers in arterial calcification. Therefore, at this 
time there is no implication that therapeutic options influencing these 
biomarkers will influence arterial calcifications. Also, at this point the 
biomarkers cannot be used to identify patients who could benefit from 
in-depth imaging of the site and severity of calcification. Future longi-
tudinal studies of high quality are recommended in well-defined pop-
ulations at risk for arterial calcifications, with differentiation of medial 
and intimal calcification in the arterial wall to further improve the 
knowledge of biomarkers and mechanisms of arterial calcifications. 

5. Conclusion 

Associations of biomarkers of ectopic mineralization with arterial 
calcifications are variable in the published literature. This hampers 
etiological insight into arterial calcifications and decisions for future 
intervention studies. Future longitudinal studies differentiating medial 
and intimal calcification could add to the knowledge of biomarkers and 
mechanisms of arterial calcifications and our review should be weighted 
with other sources of evidence. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bonr.2022.101599. 
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Pérez de Ciriza, C., Moreno, M., Restituto, P., Bastarrika, G., Simón, I., Colina, I., et al., 
2014. Circulating osteoprotegerin is increased in the metabolic syndrome and 
associates with subclinical atherosclerosis and coronary arterial calcification. Clin. 
Biochem. 47 (18), 272–278. https://doi.org/10.1016/j.clinbiochem.2014.09.004. 

Pesaro, A.E., Katz, M., Liberman, M., Pereira, C., Mangueira, C.L.P., de Carvalho, A.E.Z., 
et al., 2018. Circulating osteogenic proteins are associated with coronary artery 
calcification and increase after myocardial infarction. PLoS One 13 (8), e0202738. 
https://doi.org/10.1371/journal.pone.0202738. 

Pescatore, L.A., Gamarra, L.F., Liberman, M., 2019. Multifaceted mechanisms of vascular 
calcification in aging. Arterioscler. Thromb. Vasc. Biol. 39 (7), 1307–1316. https:// 
doi.org/10.1161/ATVBAHA.118.311576. 

Pirro, M., Manfredelli, M.R., Schillaci, G., Helou, R.S., Bagaglia, F., Melis, F., et al., 2013. 
Association between circulating osteoblast progenitor cells and aortic calcifications 

N.M.S. Golüke et al.                                                                                                                                                                                                                            

https://doi.org/10.1371/journal.pone.0168360
https://doi.org/10.1016/j.jjcc.2020.11.014
https://doi.org/10.1161/ATVBAHA.114.303440
https://doi.org/10.1097/MD.0000000000003381
https://doi.org/10.2147/VHRM.S48388
https://doi.org/10.1007/s11255-013-0485-0
https://doi.org/10.1007/s11255-013-0485-0
https://doi.org/10.1080/07315724.2015.1118651
https://doi.org/10.3390/ijms21082685
https://doi.org/10.3389/fcvm.2021.685748
https://doi.org/10.3389/fcvm.2021.685748
https://doi.org/10.1161/ATVBAHA.109.199661
https://doi.org/10.1210/jc.2011-1580
https://doi.org/10.1007/s00198-019-05031-5
https://doi.org/10.1080/13697137.2019.1671818
https://doi.org/10.1080/13697137.2019.1671818
https://doi.org/10.1093/ndt/17.5.723
https://doi.org/10.1161/ATVBAHA.118.311577
https://doi.org/10.1161/ATVBAHA.118.311577
https://doi.org/10.2147/DMSO.S253632
https://doi.org/10.2147/DMSO.S253632
https://doi.org/10.1161/ATVBAHA.121.316664
https://doi.org/10.1371/journal.pone.0152816
https://doi.org/10.1016/j.atherosclerosis.2012.10.045
https://doi.org/10.1016/j.atherosclerosis.2012.10.045
https://doi.org/10.1159/000339024
https://doi.org/10.1007/s00223-008-9209-3
https://doi.org/10.7717/peerj.7139
https://doi.org/10.3389/fendo.2020.00369
https://doi.org/10.3389/fendo.2020.00369
https://doi.org/10.3109/13697137.2010.537409
https://doi.org/10.3109/13697137.2010.537409
https://doi.org/10.1155/2012/306263
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.2147/VHRM.S142721
https://doi.org/10.5551/jat.30635
https://doi.org/10.1155/2017/1989417
https://doi.org/10.1016/j.atherosclerosis.2019.01.012
https://doi.org/10.1016/j.atherosclerosis.2019.01.012
https://doi.org/10.1007/s00223-021-00814-7
https://doi.org/10.7754/Clin.Lab.2020.200902
https://doi.org/10.1055/s-0037-1607050
https://doi.org/10.1055/s-0037-1607050
https://doi.org/10.1161/01.ATV.0000245793.83158.06
https://doi.org/10.1159/000289575
https://doi.org/10.1159/000289575
https://doi.org/10.1161/HYPERTENSIONAHA.107.087742
https://doi.org/10.1161/HYPERTENSIONAHA.107.087742
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
http://refhub.elsevier.com/S2352-1872(22)00433-8/rf202206172134197945
http://refhub.elsevier.com/S2352-1872(22)00433-8/rf202206172134197945
http://refhub.elsevier.com/S2352-1872(22)00433-8/rf202206172134197945
https://doi.org/10.3945/ajcn.110.001974
https://doi.org/10.1371/journal.pone.0151007
https://doi.org/10.1371/journal.pone.0151007
https://doi.org/10.1093/ajcn/nqaa091
https://doi.org/10.1016/j.metabol.2021.154960
https://doi.org/10.1016/j.clinbiochem.2014.09.004
https://doi.org/10.1371/journal.pone.0202738
https://doi.org/10.1161/ATVBAHA.118.311576
https://doi.org/10.1161/ATVBAHA.118.311576


Bone Reports 17 (2022) 101599

11

in women with postmenopausal osteoporosis. Nutr. Metab. Cardiovasc. Dis. 23 (5), 
466–473. https://doi.org/10.1016/j.numecd.2011.08.006. 

Poornima, I.G., Mackey, R.H., Buhari, A.M., Cauley, J.A., Matthews, K.A., Kuller, L.H., 
2014. Relationship between circulating serum osteoprotegerin and total receptor 
activator of nuclear κ-B ligand levels, triglycerides, and coronary calcification in 
postmenopausal women. Menopause 21 (7), 702–710. https://doi.org/10.1097/ 
GME.0000000000000127. 

Poornima, I.G., Shields, K., Kuller, L.H., Manzi, S.M., Ramsey-Goldman, R., 
Richardson, C., 2018. Associations of osteoprotegerin with coronary artery 
calcification among women with systemic lupus erythematosus and healthy controls. 
Lupus. https://doi.org/10.1177/0961203317751060, 961203317751060.  

Quercioli, A., Mach, F., Bertolotto, M., Lenglet, S., Vuilleumier, N., Galan, K., et al., 2012. 
Receptor activator of NF-κB ligang (RANKL) increases the release of neutrophil 
products associated with coronary vulnerability. Thromb. Haemost. 107 (1), 
127–139. https://doi.org/10.1160/TH11-05-0324. 

Razavi, A.C., Cardoso, R., Dzaye, O., Budoff, M., Thanassoulis, G., Post, W.S., et al., 2021. 
Risk markers for limited coronary artery calcium in persons with significant aortic 
valve calcium (from the multi-ethnic study of atherosclerosis). Am. J. Cardiol. 156, 
58–64. https://doi.org/10.1016/j.amjcard.2021.06.035. 

Rennenberg, R.J.M.W., de Leeuw, P.W., Kessels, A.G.H., Schurgers, L.J., Vermeer, C., van 
Engelshoven, J.M.A., et al., 2010. Calcium scores and matrix gla protein levels: 
association with vitamin K status. Eur. J. Clin. Investig. 40 (4), 344–349. https://doi. 
org/10.1111/j.1365-2362.2010.02275.x. 

Rochette, L., Meloux, A., Rigal, E., Zeller, M., Malka, G., Cottin, Y., et al., 2019. The role 
of osteoprotegerin in vascular calcification and bone metabolism: the basis for 
developing new treatments. Calcif. Tissue Int. 105 (3), 239–251. https://doi.org/ 
10.1007/s00223-019-00573-6. 

Rodrigues, I.G., Pinho, C.P.S., Filho, D.S., Leão, A.P.D., Oliveira, M.C.M., Barbosa, G.P., 
et al., 2021. The impact of visceral fat and levels of vitamin D on coronary artery 
calcification. Rev. Assoc. Med. Bras. 67 (1), 88–93. https://doi.org/10.1590/1806- 
9282.67.01.20200388. 

Roos, M., Lutz, J., Salmhofer, H., Luppa, P., Knauss, A., Braun, S., et al., 2008. Relation 
between plasma fibroblast growth factor-23, serum fetuin-a levels and coronary 
artery calcification evaluated by multislice computed tomography in patients with 
normal kidney function. Clin. Endocrinol. 68 (4), 660–665. https://doi.org/ 
10.1111/j.1365-2265.2007.03074.x. 

Roumeliotis, S., Dounousi, E., Eleftheriadis, T., Liakopoulos, V., 2019. Association of the 
inactive circulating matrix gla protein with vitamin K intake, calcification, mortality 
and cardiovascular disease: a review. Int. J. Mol. Sci. 20 (3), 628. https://doi.org/ 
10.3390/ijms20030628. 

Rutsch, F., Buers, I., Nitschke, Y., 2021. Hereditary disorders of cardiovascular 
calcification. Arterioscler. Thromb. Vasc. Biol. 41 (1), 35–47. https://doi.org/ 
10.1161/ATVBAHA.120.315577. 

Sajjadieh, H., Sajjadieh, A., Koopaei, Z.K., Oveisgharan, S., 2020. Correlation between 
vitamin D level and coronary artery calcification. J. Res. Med. Sci. 25, 51. https:// 
doi.org/10.4103/jrms.JRMS_1080_18. 

Salari, P., Keshtkar, A., Shirani, S., Mounesan, L., 2017. Coronary artery calcium score 
and bone metabolism: a pilot study in postmenopausal women. J. Bone Metab. 24 
(1), 15–21. https://doi.org/10.11005/jbm.2017.24.1.15. 

Satilmis, S., Celik, O., Biyik, I., Ozturk, D., Celik, K., Akin, F., et al., 2015. Association 
between serum vitamin D levels and subclinical coronary atherosclerosis and plaque 
burden/composition in young adult population. Bosn. J. Basic Med. Sci. 15 (1), 
67–72. https://doi.org/10.17305/bjbms.2015.238. 

Schlieper, G., Grotemeyer, D., Aretz, A., Schurgers, L.J., Krüger, T., Rehbein, H., et al., 
2010. Analysis of calcifications in patients with coral reef aorta. Ann. Vasc. Surg. 24 
(3), 408–414. https://doi.org/10.1016/j.avsg.2009.11.006. 

Shea, M.K., O’Donnell, C.J., Vermeer, C., Magdeleyns, E.J.P., Crosier, M.D., Gundberg, C. 
M., et al., 2011. Circulating uncarboxylated matrix gla protein is associated with 
vitamin K nutritional status, but nog coronary artery calcium, in older adults. 
J. Nutr. 141 (8), 1529–1534. https://doi.org/10.3945/jn.111.139634. 

Shea, M.K., Booth, S.L., Miller, M.E., Burke, G.L., Chen, H., Cushman, M., et al., 2013. 
Association between circulating vitamin K1 and coronary calcium progression in 
community-dwelling adults: the multi-ethnic study of atherosclerosis. Am. J. Clin. 
Nutr. 98 (1), 197–208. https://doi.org/10.3945/ajcn.112.056101. 

Shikuma, C.M., Seto, T., Liang, C.-Y., Bennett, K., DeGruttola, V., Gerschenson, M., et al., 
2012. Vitamin D levels and markers of arterial dysfunction in HIV. AIDS Res. Hum. 
Retrovir. 28 (8), 793–797. https://doi.org/10.1089/AID.2011.0086. 

Shin, S., Kim, K.-J., Chang, H.-J., Cho, I., Kim, Y.J., Choi, B.-W., et al., 2012. Impact of 
serum calcium and phosphate on coronary atherosclerosis detected by cardiac 
computed tomography. Eur. Heart J. 33 (22), 2873–2881. https://doi.org/10.1093/ 
eurheartj/ehs152. 
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