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Abstract

Background Patients with chronic kidney disease (CKD) are susceptible to vascular calcification and vitamin K
deficiency. Matrix gla protein (MGP) is a potent inhibitor of calcification requiring vitamin K for activation. Inactive
MGP, i.e. dephosphorylated uncarboxylated MGP (dp-ucMGP), is frequently elevated in CKD along with protein
induced by vitamin K absence (PIVKA-Il). We investigated whether dp-ucMGP and PIVKA-II are useful markers of aortic
calcification in CKD.

Methods Patients with normal or reduced kidney function underwent a non-contrast computed tomography scan
of the entire aorta with subsequent blinded standard calcification scoring of the aortic wall ad modum Agatston.
Blood samples were analyzed for plasma concentrations of dp-ucMGP and PIVKA-II.

Results 141 patients (104 with CKD stage 3-5) were included. In patients with/without CKD median (interquartile
range) were dp-ucMGP 543 (503-744)/1078 (835-1682) pmol/l (P<0.01); PIVKA-II 19.3 (16.3-23.5)/21.8 (17.2-36.8) ng/
ml (P=0.33) and aortic Agatston scores 1644 (729-4138)/7172 (2834-15360) (P <0.01). Agatston score was positively
associated with PIVKA-Il (3=0.71, P=0.014, r*=0.04) and tended to be so with dp-ucMGP (3=0.44, P=0.08, ’=0.02).
Age, estimated glomerular filtration rate (eGFR) and smoking status were also associated with Agatston score and
remained so, along with PIVKA-Il, when adjusted for potential confounders. However, the association between age
and aortic Agatston score was stronger than for PIVKA-Il, eGFR and smoking-status.

Conclusion Vitamin K deficiency, as estimated through PIVKA-II, but not dp-ucMGP, is weakly associated with aortic
Agatston score. Yet, as markers of aortic calcification, both were outperformed substantially by age, and neither
surpassed smoking nor eGFR.
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Introduction

Patients with chronic kidney disease (CKD) have an
excessively high risk of cardiovascular disease [1], and
accelerated large artery calcification of the media-intima
is an important contributor to this [2]. Furthermore,
patients with CKD are also prone to vitamin K deficiency
which may be implicated in the processes leading to
vascular calcification [3, 4]. A group of proteins termed
vitamin K dependent proteins (VKDP) all contain a
y-carboxyglutamate-group (Gla) and a vitamin K-depen-
dent carboxylation and subsequent phosphorylation is
necessary for these proteins to achieve their active form.
High levels of uncarboxylated forms of VKDP therefore
reflect poor functional vitamin K status [5]. Matrix Gla
protein (MGP) is a VKDP which in its active form, the
carboxylated and phosphorylated MGP (cMGP), has the
potential to inhibit vascular calcification. Thus, whereas
cMGP is found in healthy vessels, the inactive form,
dephosphorylated uncarboxylated MGP (dp-ucMGP)
accumulates in calcified vessels [6]. It is well established
that dp-ucMGP is highly dependent on kidney function
[7, 8]. Patients with CKD generally have high levels of dp-
ucMGP which is most likely caused by a combination of
increased cMGP usage due to accelerated arterial calcifi-
cation and a high prevalence of vitamin K deficiency [9].
This can be even further augmented by vitamin K antag-
onist (VKA) treatment [10, 11]. Another VKDP termed
protein induced by vitamin K absence II (PIVKA-II), also
known as abnormal prothrombin or uncarboxylated fac-
tor II has the advantage of being much less dependent on
renal function than dp-ucMGP [12].

Vitamin K has a short half-life in serum, and direct
estimation of the vitamin concentration is technically
complicated. Therefore, vitamin K levels are most often
indirectly estimated through levels of uncarboxylated
VKDPs [13]. Of these, dp-ucMGP is believed to be par-
ticularly reflective of vascular vitamin K status [14] and
there has been substantial interest in dp-ucMGP as a
potential biomarker for arterial calcification in CKD.
Positive associations between calcification scoring and
dp-ucMGP have been described for the abdominal aorta,
whereas the relation seem inconsistent for other vascular
beds [10, 11, 15-18]. Although much less studied in the
setting of arterial calcification in CKD, PIVKA-II seems
to be without value in predicting calcification of arteries
in other vascular beds than the aorta [17, 18]. Vitamin K
is preferentially stored in the liver during vitamin K defi-
ciency [19]. Extra-hepatic vitamin K is depleted before
hepatic vitamin K and as a clotting factor, carboxylation
of PIVKA-II occurs in the liver. This process can there-
fore continue after being impaired in non-hepatic tissues.
PIVKA-II is therefore believed to be more representa-
tive of hepatic vitamin K status and has been labelled an
insensitive marker of extrahepatic vitamin K status [13].
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The association between dp-ucMGP and calcification
of the entire aorta has not been examined and no stud-
ies have included patients from all CKD stages as well
as patients without CKD [20]. Furthermore, the associa-
tion between PIVKA-II and aortic calcification remains
unknown at all levels of kidney function. This knowledge-
gap may be of importance due to the recent interest in
the association between aortic calcification and VKDPs
in CKD patients in particular.

The present study aimed to answer these questions
by investigating the association between calcification
score of the entire aorta and the VKDPs dp-ucMGP and
PIVKA-II in patients representing the entire spectrum
of kidney function from normal kidney function to end
stage kidney disease.

Methods

This is a cross-sectional study performed between August
2019 and December 2021. The study was conducted in
accordance with the Declaration of Helsinki and was
approved by the Central Denmark Region Committee on
Health Research Ethics (Journal number 1-10-72-21-19).
All study participants gave written informed consent.

Patients

Patients included in this study were part of the Aor-
tic Calcification and Central Blood Pressure in Patients
with CKD (ACCEPT) study. The ACCEPT study was a
cross-sectional study involving 168 patients scheduled
for elective coronary angiography (CAG) [21]. The study
participants were evenly distributed in five subgroups
with (1) renal function considered normal for age (esti-
mated glomerular filtration rate (eGFR) =60 ml/min/1.73
m? with urine albumin/creatinine ratio<30 mg/g), (2)
CKD stage 3a (eGFR 45-59 ml/min/1.73 m?), (3) CKD
stage 3b (30—44 ml/min/1.73 m?), (4) CKD stage 4
(15-29 ml/min/1.73 m?), and (5) CKD-stage 5 (<15 ml/
min/1.73 m?). Patients could not be included if there
had been changes in antihypertensive treatment 2 weeks
prior to CAG, if severe aortic valve stenosis (<1 cm?) or
known significant stenosis of the subclavian or brachial
arteries, known chronic arrythmia was present, or if a
bilateral arterio-venous dialysis fistula had been created
even if one of these had been surgically removed.

Aortic calcification assessment

Aortic calcification scores were generated based on a
non-enhanced computed tomography (CT) scan of the
entire length of the aorta using 120 kV electrocardio-
gram-triggered high-pitch spiral acquisition (Siemens
SOMATOM Force (Siemens, Forchheim, Germany)) [22].
Calcification of the aortic wall was assessed as Agatston
score using VitreaAdvanced (VitreaCore Version 6.4.4.,
Canon Medical Informatics Inc. Minnetonka, MN, USA)
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by two independent observers blinded to patient infor-
mation The analysis began on the CT frame immediately
cranial to the coronary arteries. Following the full aortic
length, the analysis continued until the aortic bifurcation.

The Agatston score was calculated using a weighted
value assigned to the highest density of calcification mul-
tiplied by the area of calcium [23]. A standard threshold
of 130 Hounsfield unit calcium detection was used. To
account for the impact of body size on aorta size, aortic
Agatston scores of the entire aorta were adjusted by body
surface area (BSA) using the Du Bois formula [24]. Fur-
thermore, the maximal thickness of calcification in each
patient was also measured in all segments. Only the max-
imal thickness at any point in the entire aorta was used
in the data-analysis (Fig. 1). For both calcification scores
and calcification thickness, the mean of the two scores
from the blinded independent observers was used in the
analysis. CT scans were re-scored by both observers if
inter-scorer variability was >15%.

Blood samples

On a separate day from the CAG procedure, blood
samples were drawn and collected with minimal stasis
in evacuated EDTA blood collection tubes. The blood
samples were centrifuged for 10 min at 3000 g within
30-60 min and plasma stored at —80 °C until analy-
sis. Biochemical analyses for PIVKA-II and dp-ucMGP
were performed at the Department of Biochemistry
and Immunology, Lillebzelt Hospital, Kolding; a routine

Fig. 1 Abdominal transversal CT-image. Aortic calcification counted in
the aortic Agatston score is marked in green. Calcifications of the bone
(not counted in the aortic Agatston score) is marked in purple. The mea-
surement of maximal aortic calcification thickness of the aortic segment
is also shown
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laboratory accredited by Danish Accreditation Fund
(DANAK) according to the ISO 15,189 standard that
specifies requirements for quality and competence in
medical laboratories.

Plasma concentrations of PIVKA-II were measured
using a commercially available electrochemilumines-
cence immunoassay (ECLIA) on the Cobas e 801 ana-
lytical unit (Roche, Basel, Switzerland) according to
manufacturer’s instructions. The limit of quantification
for this assay is 4.5 ng/ml, with an intermediary precision
of <7%. The supplier of the kit used for PIVKA-II analysis
reports a median value of 18.7 ng/ml (range 8.4 to 131)
in a population of healthy adults with a mean age of 47
years.

dp-ucMGP was measured in plasma using a commer-
cially available ECLIA on the IDS-iSYS Specialty Immu-
noassay System provided by Immunodiagnostics Systems
according to the manufacturer’s instructions (Immuno-
Diagnostic Systems Holdings PLC, East Boldon, UK). The
limit of quantification for the assay is 300 pmol/l with an
intermediary precision of <8% [25]. The supplier of the
kit used for dp-ucMGP analysis reports a value below
750 pmol/L to be normal. The supplier also report 0%
cross-reactivity with desphosphorylated-carboxylated
MGP and phosphorylated carboxylated MGP.

The most recent plasma creatinine prior to inclu-
sion was obtained from the patient record and used for
CKD staging using the CKD-EPI equation (without cor-
rection for race) for eGFR [26]. In relation to the study,
new blood samples were analyzed for creatinine, HbA1C
and lipids while albumin/creatinine ratio was calcu-
lated based on a morning spot urine sample. Diabetes
was defined as HbA1C above 48 mmol/mol or receiving
antidiabetic treatment. Smoking status was based on the
patient’s own reporting.

Blood pressure measurements

Blood pressure (BP) was measured on the same day as
blood samples collection, following at least 5 min of rest.
Initial BP measurements were taken simultaneously on
both arms using the WatchBP (Microlife Corporation,
Widnau, Switzerland). Immediately thereafter, the arm
with the highest BP reading was selected for further mea-
surements using an oscillometric BpTRU device (VSM
MedTech Ltd, Vancouver, Canada). The BpTRU device
performed six consecutive measurements at 1-5-minute
intervals. For analysis, the average of the last five mea-
surements was calculated and used.

Statistical methods

Normal distribution was assessed with QQ-plots and his-
tograms. Patient data are presented as meantstandard
deviation (SD) for normally distributed data and median
(interquartile range (IQR)) if not normally distributed.
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Differences between two groups were tested using stu-
dents t-test if normally distributed. For skewed data,
Wilcoxon rank-sum (Mann-Whitney) test was used. Cat-
egorical variables are presented as n (%) and differences
were tested using chi’-test.

For continuous data, linear regression models were cre-
ated. Prior to analysis, some continuous variables were
logarithmically transformed using natural logarithm as
appropriate. Such transformed variables are denoted in
brackets ([]). Associations were tested first in a univari-
ate model. Afterwards, associations were tested in a mul-
tiple regression model. Separate models were created for
dp-ucMGP and PIVKA-II, respectively. The parameters
included in the multivariable regression models with
dp-ucMGP and PIVKA-II as dependent variables were:
eGFR, age, gender, diabetes status, smoking status and
the [calcium-ion x phosphate] product [27]. In multivari-
able models with [aortic Agatston score] as the depen-
dent variable, we additionally included dp-ucMGP and
PIVKA-IIL Post-analysis tests for variance inflation factor
(VIF) was conducted to assess the degree of collinearity
of factors in the multivariable regression models. Fur-
thermore, due to less available data low-density lipopro-
tein (LDL) cholesterol along with office systolic BP was
added to the same multivariable model in a separate anal-
ysis. Importantly, due to the known extreme increases
in the levels of VKDPs caused by VKA, patients treated
with VKA were excluded from the analysis. Finally, as
some studies have used dp-ucMGP as a dichotomous
variable split at the median [11], we also tested the pre-
dictive value in a dichotomized manner above/below
median dp-ucMGP and PIVKA-II for aortic calcification
in a separate multivariable regression model.

Regression models were tested for normal distribution
of residuals with histograms and QQ-plots. Data from
regression models are presented as coefficient (), 95%
confidence interval (95% CI) and P-value. A P-value<0.05
was considered statistically significant. Post-analysis
tests for variance inflation factor (VIF) were conducted
to assess the degree of collinearity of factors in a model.
A VIF of >5.0 in one or more variables was considered
significant evidence of impactful and thereby problematic
collinearity [28]. Data was analyzed using STATA (ver-
sion 17, StataCorp, College Station, TX, USA).

Results

A total of 160 patients from the ACCEPT population
had both blood samples and aortic CT scans available for
analysis. Seventeen of these were treated with a VKA and
therefore excluded. The PIVKA-II and dp-ucMGP-levels
of VKA-treated patients are presented in the Supple-
ment. Furthermore, two patients were excluded due to
hepatocellular disease known to independently affect
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PIVKA-II levels [29]. The final cohort included in the
present analysis therefore consisted of 141 patients.

The basic characteristics by CKD category are shown
in Table 1. Patients with CKD were older and more often
had diabetes than patients with normal kidney func-
tion. Total cholesterol and LDL cholesterol were similar
between the two groups. However, the groups differed
on a range of biochemical parameters including 25-OH-
vitamin D, parathyroid hormone, calcium-ion and
phosphate.

Aortic Agatston score was higher in CKD patients
compared with non-CKD patients (Table 2). However,
within the CKD group, patients with CKD stage 5 tended
to have lower scores than those with less advanced
CKD. Notably, CKD stage 5 patients were younger, and
the indication for CAG was more frequently part of the
evaluation for renal transplantation rather than symp-
toms of coronary disease. Concentrations of dp-ucMGP
were higher in CKD as compared to non-CKD patients,
PIVKA-II levels did not show a significant difference
between the two groups.

Factors associated with increased dp-ucMGP and PIVKA-II
In univariate analysis [dp-ucMGP] increased with
decreasing [eGFR] and with increasing [PIVKA-II]-levels
(Table 3; Fig. 3). Additionally, [dp-ucMGP] was higher
in patients with diabetes (Table 3). Of these factors, the
association with [eGFR] was the strongest, with an r?
of 0.40 (Fig. 2A). The associations of [dp-ucMGP] with
[PIVKA-II], diabetes and [calcium-ion x phosphate] were
all relatively weak with low coefficients of determination
(r?) (Table 3; Fig. 3). In a multivariable regression analy-
sis including [eGFR], diabetes status, smoking status, age,
[calcium-ion x phosphate] and gender; only [eGFR] and
diabetes status remained significantly associated with
[dp-ucMGP] levels (Table 3).

In contrast, PIVKA-II levels were not higher in patients
with CKD and [PIVKA-II] showed no association with
[eGFR] (Fig. 2B; Table 4). Moreover, in a multivariable
regression model including the same factors ([eGFR],
diabetes status, smoking status, age, [calcium-ion x phos-
phate] and gender), none were found to be significantly
associated with [PIVKA-II].

[Suggested position for Table 4]

VKDPs as markers of aortic calcification

In univariate regression analysis [aortic Agatston score]
tended to increase with increasing [dp-ucMGP] (Table 5;
Fig. 4A). However, the association between [PIVKA-II]
and [aortic Agatston score] was stronger and statisti-
cally significant (Table 5; Fig. 4B). Both smoking status
and [eGFR] were associated with [aortic Agatston score]
(Table 5), but while smoking was associated with higher
[aortic Agatston score], the association was inverse for
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Table 1 Clinical and biochemical characteristics of the included participants
Non-CKD CKD 3a CKD 3b CKD 4 CKD 5 CKD total P-value,
(n=37) (n=28) (n=32) (n=21) (n=23) (n=104) Non-CKD
vs. CKD
Age (years) 63.5+82 708+7.5 713+10.0 71.2+96 581+11.9 682+11.1 0.02
Female, n (%) 7(19) 5(18) 10 (31) 6(29) 5(22) 26 (25) 045
BMI (kg/mz) 279+50 296+59 286+4.7 273+50 27.0+4.1 283+50 0.69
Smoking status, n (current/ 3/24/10 3/16/9 3/18/11 3/12/6 5/11/7 14/57/33
previously/never)
Systolic BP (mmHg) 1206+£14.8 114.2+16.7 116.2+19.6 1148164 122.2+20.7 1166185 0.25
Diastolic BP (mmHg) 755+£98 700+12.2 714111 69.5+105 73.7+105 71.1£110 0.04
Diabetes, n (%) 5(14) 12 (43) 7(22) 11(52) 10 (43) 40 (38) 0.005
eGFR (ml/min/1.73 m?) 93.7 48.2 37.3(33.1-39.5) 24.0(20.7-28.1) 103 (7.0-13.1)  33.9(18.0-44.7) <0.0001
(81.9-1026)  (45.6-524)
Dialysis, n (%) 0(0) 0(0) 0(0) 0(0) 12 (52) 15(12)
UAC (mg/q) 3(0-12) 13 (1-50) 30 (7-165) 208 (31-769) 1720 47 (11-530) <0.0001
(755-2703)
Ca-ion (mmol/l) 1.24+0.04 1.25+0.05 1.23+£0.05 1.23+£0.06 1.21+£0.05 1.23+0.05 0.14
Phosphate (mmol/l) 0.98 1.01 1.17(1.02-1.31) 1.16(1.00-1.26) 1.71(1.40-1.88) 1.18(1.00-1.38) <0.0001
(0.85-1.19) (0.94-1.17)
25-0OH-Vitamin D2+ D3 (nmol/l) 69.4+32.7 86.6+31.3 86.7+£42.1 92.0+453 82.2+36.3 86.7+384 0.01
PTH (pmol/l) 59(5.1-81) 9.0(49-13.1) 124(96-17.2) 182(12.1-233) 32.0(20.7-544) 150(9.7-23.2) <0.0001
Alkaline phosphatase (U/) 68 (62-96) 73 (56-95) 88 (69-131) 94 (80-107) 89 (73-105) 84 (69-109) 0.03
LDL cholesterol (mmol/l) 20(1.7-24) 1.6 (1.4-2.0) 2.1(1.7-26) 2.0(1.7-2.5) 1.7 (15-2.7) 1.9 (1.6-2.5) 0.66
Total cholesterol (mmol/I) 39+09 39410 44+12 43+1.1 43+14 42412 042

Data are given as mean=SD or median (interquartile range) unless otherwise stated

BMI, body mass index; BP, blood pressure; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; UAC, urine albumin-creatinine ratio; LDL, low
density lipoprotein; PTH, parathyroid hormone

Missing data by category: UAC: 0, 0, 1, 0, 4, Vitamin D: 0, 0, 1, 0, 0, Ca-ion: 0, 1,0, 0, O, LDL cholesterol: 1,1,3,2,2, Systolic and diastolic BP: 1,0, 0, 1, 2

Table 2 Median (interquartile range) Agatston scores normalized by body surface area, dp-ucMGP and PIVKA-II, by CKD group

Non-CKD  CKD 3a CKD 3b CKD 4 CKD 5 CKD total P-value Non-CKD vs. CKD
(n=37) (n=28) (n=32) (n=21) (n=23) (n=104)
Aorta Agatston score 1644 9268 6771 7480 3612 7142 <0.0001
(729-4138)  (3665-14991)  (4354-12873) (2686-18036) (1697-16008) (2638-15692)
dp-ucMGP (pmol/l) 543 812 995 1027 1754 1003 <0.0001
(503-744) (612-968) (836-1274) (877-1329) (1111-2715) (790-1328)
PIVKA-II (ng/ml) 19.3 20.2 22.2 174 19.2 203 0.33
(163-235) (17.5-295) (17.8-36.1) (15.5-24.4) (15.7-26.9) (17.0-28.9)

dp-ucMGP, dephosphorylated uncarboxylated matrix gla protein; PIVKA, protein induced by vitamin K absence

Table 3 Associations in univariate and multivariable models with [dp-ucMGP] as the dependent variable
Multivariable model (total r*=0.44)

Univariate model

B (95% Cl) r P-value B (95% CI) P-value VIF
Age (years) -0.001 (-0.009 to 0.007) 0.00 0.727 0.002 (-0.004 to 0.008) 0.566 1.07
Gender (female) 0.023 (-0.176 t0 0.223) 0.00 0.817 0.003 (-0.153 t0 0.158) 0972 1.06
Diabetes (yes) 0.269 (0.094 to 0.445) 0.06 0.003 0.172 (0.031t0 0.314) 0.017 1.05
Smoking (never vs. former or current) -0.031 (-0.214t0 0.152) 0.00 0.742 -0.006 (-0.148 t0 0.136) 0.936 1.02
[eGFR] (ml/min/1.73 m?) -0412 (-0.497 t0 -0.328) 0.40 <0.001 -0.446 (-0.550 to -0.342) <0.001 1.57
[Calcium-ion x phosphate] (mmol%/I%) 0.564 (0.238 t0 0.890) 0.08 <0.001 -0.267 (-0.600 to 0.067) 0116 1.67

Cl, confidence interval; [], Logarithmically transformed (natural logarithm); eGFR, estimated glomerular filtration rate; dp-ucMGP, dephosphorylated uncarboxylated
matrix gla protein; VIF: Variance inflation factor
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Fig. 2 A: Logarithmically transformed eGFR plotted against logarithmically transformed dp-ucMGP. Line represents linear regression. B: Logarithmically
transformed eGFR plotted against logarithmically transformed PIVKA-II. Line represents linear regression
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Fig. 3 Logarithmically transformed dp-ucMGP plotted against logarith-
mically transformed PIVKA-II. Line represents linear regression

[eGFR]. Notably, r* for the positive univariate association
between age and [aortic Agatston score] was markedly
higher than for any other of the tested variables (Table 5).

In a multivariable model including [dp-ucMGP],
[PIVKA-II], age, gender, [eGFR], diabetes status, smok-
ing status and the [calcium-ion x phosphate], only age,
[PIVKA-II], [eGFR] and smoking status were significant
markers of [aortic Agatston score] (Table 5). The variance
inflation factor was relatively low for all included factors
in the multivariable model. Furthermore, the multivari-
able model had an r’-value of 0.38 indicating that a sub-
stantial part of the variation in [aortic Agatston score]
was unaccounted for by the included variables.

LDL cholesterol was available in 132 patients. In a
separate multivariate regression analysis including [LDL
cholesterol] as well as office systolic BP and all the above
covariates, only [PIVKA-II] and age remained signifi-
cantly associated with [aortic Agatston score]. In this
multivariable model, neither [LDL cholesterol] nor
systolic BP were significantly associated with [aortic
Agatston score].

Table 4 Associations in univariate and multivariable models with [PIVKA-II] as the dependent variable

Univariate model

Multivariable model (total ?=0.01)

B (95% Cl) r P-value B (95% Cl) P-value VIF
Age (years) 0.001 (-0.006 to 0.008) 0.00 0.728 0.001 (-0.006 to 0.008) 0.824 1.07
Gender (female) 0.013(-0.158t0 0.186) 0.00 0.878 0.032 (-0.148t0 0.212) 0.724 1.06
Diabetes (yes) -0.056 (-0.212 t0 0.100) 0.00 0478 -0.059 (-0.222 t0 0.105) 0481 1.05
Smoking (never vs. former or current) 0.083 (-0.074 t0 0.241) 0.01 0.300 0.085 (-0.079 to 0.249) 0.307 1.02
[eGFR] (ml/min/1.73 m?) -0.018(-0.112 t0 0.077) 0.00 0.713 -0.048 (-0.168 t0 0.071) 0425 157
[Calcium-ion x phosphate] (mmol%/|)? -0.036 (-0.331 t0 0.259) 0.00 0.810 -0.120 (-0.505 to 0.265) 0.539 167

Cl, confidence interval; [], Logarithmically transformed (natural logarithm); eGFR, estimated glomerular filtration rate; PIVKA-II, protein induced by vitamin K absence

II; VIF: variance inflation factor
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Table 5 Associations in univariate and multivariable models with [aortic Agatston score] as the dependent variable
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Univariate model

Multivariable model (total »=0.38)

B (95% Cl) r P-value B (95% Cl) P-value VIF
Age (years) 0.07 (0.05 to 0.09) 0.23 <0.001 0.07 (0.05 to 0.09) <0.001 1.07
Gender (female) 032 (-0.27t0 0.91) 0.01 028 023 (-027t00.73) 036 1.06
Diabetes (yes) 0.26 (-0.27 to0 0.80) 0.01 033 0.28 (-0.21t0 0.72) 0.28 1.11
Smoking (never vs. former or current) 0.56 (0.02to 1.10) 0.03 0.04 0.53 (0.08 to 0.99) 0.02 1.03
[eGFR] (ml/min/1.73 m?) -0.36 (-0.68 to -0.05) 0.03 0.03 -0.47 (-0.88 t0 -0.05) 0.03 245
[PIVKA-II] (ng/ml) 0.71(0.15to 1.28) 0.04 0.01 0.64 (0.14to0 1.13) 0.01 1.10
[dp-ucMGP] (pmol/)) 0.44 (-0.05 t0 0.93) 0.02 0.08 -0.16 (-0.73 t0 0.41) 0.59 1.94
[Calcium-ion x Phosphate] (mmol*/I°) 0.21 (-0.45 t0 0.88) 0.00 0.53 0.33 (-0.75 to 1.40) 0.55 1.71

Cl, confidence interval; [], Logarithmically transformed (natural logarithm); VIF, Variance inflation factor; eGFR, estimated glomerular filtration rate; PIVKA-II, protein
induced by vitamin K absence II; dp-ucMGP, dephosphorylated uncarboxylated matrix gla protein; VIF: Variance inflation factor

A dp-ucMGP

Log of entire aorta Agatston score

6 6 7 7 8 8

Log of dp-ucMGP (pmol/l)

B PIVKA-II

Log of entire aorta Agatston score

(] ° °
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Log of PIVKA-II (ng/ml)

Fig.4 Logarithmically transformed aortic Agatston score plotted against logarithmically transformed dp-ucMGP (A) and PIVKA-II (B)

No associations were found between [dp-ucMGP] or
[PIVKA-II] and maximal calcification thickness in uni-
variate analysis. Only age was significantly associated
with calcification thickness (=0.06, 95% CI 0.01 to 0.11,
P=0.01, r*=0.04) and the association remained signifi-
cant in multivariate analysis including gender, [eGFR],
[dp-ucMGP], [PIVKA-II], diabetes-status, [calcium-ion x
phosphate] and smoking.

Replacing [dp-ucMGP] and [PIVKA-II] as continuous
variables with dp-ucMGP and PIVKA-II as dichotomous
variables (above/below the median) in a multivariable
analysis including age, gender, [eGFR], diabetes status,
smoking status and [calcium x phosphate] did not alter
our findings. Of the two, VKDPs only PIVKA-II remained
significantly associated with [aortic Agatston score].

Discussion

The present study is the first to investigate the associa-
tion between dp-ucMGP and the degree of calcification
in the entire aorta in a cohort of patients represent-
ing the entire range of kidney function from normal
eGFR to CKD stage 5. Similarly, the value of PIVKA-II

as a marker of aortic calcification in CKD has not been
previously explored. In our adjusted model, eGFR, age,
smoking status and, notably, PIVKA-II emerged as sig-
nificant markers of aortic calcification. We also observed
that aortic calcification tended to increase with increas-
ing dp-ucMGP levels. However, the association was not
statistically significant, and this signal disappeared in an
adjusted multivariable regression model. The association
between PIVKA-II and Agatson score supports a role for
vitamin K deficiency in arterial calcification in CKD. Our
inclusion of patients across a broad spectrum of kidney
function allowed us to establish with more certainty, that
the association between PIVKA-II and aortic calcifica-
tion is independent of eGFR.

MGP has been described as one of the most potent
inhibitors of wvascular calcification [30]. Mice lack-
ing MGP experience rapid arterial calcification leading
to death by arterial rupture [31]. Due to the vitamin K
dependent nature of MGP, one might expect increased
levels of inactive dp-ucMGP to be associated with an
increased degree of arterial calcification. However, stud-
ies examining this association have shown mixed results.



Nyvad et al. BMC Nephrology (2024) 25:426

Some reported a rather strong association [10, 11, 15],
while in others the association disappeared after adjust-
ment for a range of biochemical markers and patient
characteristics [16] and others still found no association
[17, 18]. Uncontrolled confounding as well as differences
in patient composition and study designs may likely
explain these differences [20].

Importantly, while both PIVKA-II and dp-ucMGP
are broadly reflective of vitamin K status, dp-ucMGP
is believed to mirror vascular vitamin K status [14, 32].
PIVKA-IL, on the other hand, may be more reflective of
hepatic levels of vitamin K [13]. Our finding that PIVKA-
IT rather than dp-ucMGP is a better biomarker for cal-
cification in the aorta, is therefore somewhat surprising.
Previous studies on the association between PIVKA-II
and vascular calcification have been in non-aortic vas-
cular beds and found, with a single exception [33] no
significant association [11, 18]. To the best of our knowl-
edge, ours is the first study to investigate the association
between PIVKA-II and calcification of the aorta.

In accordance with our findings, previous data showed
a weak association between PIVKA-II and dp-ucMGP [5,
34]. Moreover, while dp-ucMGP is independently associ-
ated with renal function [7, 8], our data, and the findings
of others, suggest that PIVKA-II is not [12]. Although
the focus of the present study was on vascular vitamin K
status, dp-ucMGP might be too tightly coupled to eGFR
for the association to be extricated from the vascular cal-
cification induced by CKD through other mechanisms
than those studied. Therefore, in our cohort representing
patients at all levels of kidney function, PIVKA-II appears
to be more useful than dp-ucMGP for evaluating vitamin
K status.

The importance of age as a risk factor for aortic calci-
fication is well established in non-CKD cohorts [35-37].
Our findings suggest that even in patients suffering from
CKD, age is of more importance for aortic calcification
score than renal function. Furthermore, of the selected
covariates, maximal calcification thickness was only
dependent on age. Notably, Agatston score does not
solely quantify the typical CKD-associated intima media
calcification and maximal calcification thickness is also
affected by intraluminal calcification, which may have a
different pathogenesis [38]. This may explain why only
age was a significant predictor of calcification thickness
in our model.

The incidence of CKD increases with age, and CKD is
in turn associated with vitamin K deficiency. However,
our findings suggest that aortic calcification in CKD
patients is linked to at least 3 different processes: one
dependent on CKD, one dependent on aging and one
dependent on vitamin K deficiency. However, despite the
inclusion of age, gender, eGFR, diabetes status, smoking
status, calcium-ion X phosphate, and both VKDPs in our
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model, the r* value was only 0.38, indicating that much
of the variance in calcification is explained by factors not
included in the analysis. Overall, our results suggest that
markers of vitamin K deficiency (elevated dp-ucMGP and
PIVKA-II) are associated with aortic calcification. Yet,
from a clinical perspective, little is gained in the predic-
tion of aortic calcification by analyzing dp-ucMGP and
PIVKA-II as age outperforms all of the included markers
and as neither of the two VKDPs are better markers of
aortic calcification than smoking status or eGFR which
are usually more readily available. Future studies could
explore the potential anti-calcific effect of vitamin K as
levels of dp-ucMGP and PIVKA-II are modifiable with
vitamin K supplementation, as recently demonstrated
[25], unlike the effects of ageing, smoking and loss of
renal function which are more difficult to reverse.

Limitations and strengths

Quantification of aortic calcification based on CT-scans
with subsequent Agatston scoring can detect lower levels
of calcification than the lateral X-rays used for the widely
applied Kauppila calcification scoring [39]. Some patients
that would be graded as non-calcified using the Kaupplia
method therefore likely have a positive Agatston score in
our study. This higher sensitivity may lead to relatively
higher estimates of calcification [20]. However, it is rea-
sonable to assume that the higher calcification estimates
apply to all levels of calcification and therefore does not
introduce any systematic bias. Furthermore, compared to
other modalities of aortic calcification grading, CT based
Agatston scoring is more objective and allows for much
more nuanced calcification grading and has even been
described as the gold standard of arterial calcification
grading [40].

To be included in the study, participants had to be
referred for coronary angiography, which could entail a
selection bias towards patients with more vascular dis-
ease; particularly so in the non-CKD group. Nonethe-
less, we found a lower degree of aortic calcification in the
control group than in the CKD group and the presence of
aortic calcification has been described as highly prevalent
at all levels of kidney function in studies of patients out-
side the CAG setting [41]. The exact difference between
the control group and general population in terms of aor-
tic calcification is unknown. However, a higher degree
of aortic calcification in the control group would likely
dilute rather than strengthen the associations between
CKD, vitamin K-related biomarkers and aortic calcifica-
tion. The study design allows for considerable variation in
both the degree of calcification as well as kidney function
which allows for better adjustment for kidney function as
a confounder in our analysis.

Furthermore, the cross-sectional study design limits
conclusions regarding causality. While calcification is
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a slowly developing process, the biochemical measure-
ments used in our regression models are snapshots. In
light of these reservations, we find it likely that the sig-
nificant association between PIVKA and aortic calcifi-
cation is substantially smaller than what could be found
in a prospective cohort study aimed at investigating the
association between long term PIVKA-II-levels and aor-
tic calcification. Moreover, it is possible that a better esti-
mate of vitamin K deficiency would be attained using the
ratio between MGP and dp-ucMGP.

Conclusion

Among markers of vitamin K deficiency, we found
PIVKA-IIL, but not dp-ucMGP, to be significantly asso-
ciated with aortic calcification in a cohort of non-VKA
treated patients representing the entire spectrum of
kidney function. This association remained significant
after adjustment for a range of covariates including
smoking, age and eGFR. Beyond PIVKA-II, our findings
show eGFR, smoking and age to be independent fac-
tors related to aortic calcification. Age appears to be of
particular importance, outweighing both VKDPs in pre-
dicting aortic calcification. However, even in a multivari-
able regression model including several factors known
to be associated with arterial calcification, much varia-
tion remains unexplained underlining the need for stud-
ies investigating biochemical as well as genetic factors
explaining vascular calcification in CKD.
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