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Background. Patients with chronic kidney disease
stage 5 (CKD5) are predisposed to vascular calci-
fication (VC), but the combined effect of factors
associated with VC was sparsely investigated. We
applied the relaxed linear separability (RLS) feature
selection model to identify features that concomi-
tantly associate with VC in CKD5 patients.

Methods. Epigastric arteries collected during surgery
from living donor kidney transplant recipients were
examined to score the histological extent of medial
VC. Sixty-two phenotypic features in 152 patients
were entered into RLS model to differentiate
between no–minimal VC (n = 93; score 0-1) and
moderate–extensive VC (n = 59; score 2-3). The
subset of features associated with VC was selected

on the basis of cross-validation procedure. The
strength of association of the selected features with
VC was expressed by the absolute value of ‘RLS
factor’.

Results. Among 62 features, a subset of 17 features
provided optimal prediction of VC with 89% of
patients correctly classified into their groups. The
17 features included traditional risk factors (dia-
betes, age, cholesterol, BMI and male sex) and
markers of bone metabolism, endothelial function,
metabolites, serum antibodies and mitochondrial-
derived peptide. Positive RLS factors range from
1.26 to 4.05 indicating features associated with
increased risk of VC, and negative RLS factors
range from �0.95 to �1.83 indicating features
associated with reduced risk of VC.

Conclusion. The RLS model identified 17 features
including novel biomarkers and traditional risk
factors that together concomitantly associated with
medial VC. These results may inform further
investigations of factors promoting VC in CKD5
patients.

Keywords: chronic kidney disease, vascular calcifica-
tion, biomarkers, relaxed linear separability (RLS)
method.

Introduction

Arterial hardening with medial vascular calcifica-
tion (VC), a typical early vascular ageing (EVA)
phenotype, leads to high risk of premature cardio-
vascular morbidity and mortality in patients with
chronic kidney disease (CKD) [1–4]. Calcification
occurring within the medial wall (M€onckeberg’s
sclerosis) is a characteristic feature of

arteriosclerosis, whereas atherosclerosis is mainly
due to build-up of plaques in the intimal layer of
the artery with subsequent narrowing of the ves-
sels [5]. The poor clinical outcome in patients with
CKD stage 5 (CKD5) is to a large extent linked with
medial VC [4, 6, 7]. The severity and extent of VC
can be used as a measure of EVA and as a predictor
of mortality risk in CKD [8, 9]. Apart from the key
roles of calcium and phosphate [10], VC has been
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demonstrated as a highly regulated cell-mediated
active process involving numerous mediators and
effector proteins [11, 12] that share similarity with
osteogenesis [13–15]. While key regulators of bone
metabolism may potentially explain underlying
pathophysiological mechanisms of VC [16, 17], a
complete set of clinical features and circulating
biomarkers is still not fully identified-partly due to
the lack of comprehensive clinical data sets as well
as lack of appropriate statistical methods.

There is a huge clinical need to identify features
that could optimally predict the presence of VC
with high specificity and sensitivity. In the uraemic
milieu, apart from traditional risk factors, the
simultaneous increase in arterial osteochondro-
cytic programming and defective anti-ectopic
osteogenesis defence systems create a ‘perfect
storm’ for VC [13, 18–21]. The cellular interactions
beyond these processes provide additional layers of
complexity that make it difficult to identify relevant
circulating biomarkers of VC in clinical research.
One approach to tackle this type of complex data
sets is to use the relaxed linear separability (RLS)
method, a predictive model based on available
phenotype or genotype feature input and a dichoto-
mous outcome. We have reported that the RLS
model successfully identified a panel of predictors
of inflammation in patients with CKD [22, 23].

The overall objective of the current analysis is to
identify factors associated with histologically veri-
fied VC in arterial biopsies obtained from patients
with CKD5 undergoing living donor kidney trans-
plantation (LD-RTx). A large set of phenotypic
‘features’, that is, demographic, clinical and labo-
ratory parameters potentially linked to VC, was
entered into the RLS model to select those features
that could best discriminate patients with exten-
sive or moderate VC (defined by scoring of VC in the
vascular specimens) from those without or with
less severe signs of VC.

Materials and methods

Patients

We reviewed demographic, clinical and biochemi-
cal data of CKD5 patients undergoing LD-RTx from
March 2009 through April 2018 at the Department
of Transplantation Surgery at Karolinska Univer-
sity Hospital. The protocol, selection criteria and
clinical procedures used in the study of the LD-RTx
cohort were described previously [24]. Informed
consent was obtained from each individual, and

the study was approved by the regional committee
of ethics in Stockholm and adhered to the statutes
of the Declaration of Helsinki.

In the present study, 152 patients (with 63 fea-
tures) were included among 174 patients (with 82
features) of the LD-RTx cohort who had undergone
vascular biopsy (see below) and histological media
VC scoring (Fig. 1). The selection of patients and
features entering the RLS model was based on the
following criteria: only those patients (152 out of
174 patients) for whom at least 65% of the inves-
tigated features were measured were included; only
measurements (63 out of 82 features) that were
available in at least 70% of the patients were
selected. The final data set thus consisted of 152
patients and 63 features (counting VC score), with
8% of missing data (Fig. 1 and Table S1).

A comparison of clinical and demographic charac-
teristics among 152 patients included in the data
set and 22 patients excluded showed-except for the
proportion of smokers, which was higher among
those with severe/moderate VC-no significant dif-
ferences between the two groups (Table S2).

Among the 152 patients (median age 46 year, 66%
males), 55 patients (36%) received conservative
treatment before undergoing LD-RTx (pre-emptive
Rtx) while 97 patients (64%) underwent dialysis
treatment (median length of time on dialysis of 12
(3-43) months) before LD-RTx, by haemodialysis
(n = 47, 31%) or peritoneal dialysis (n = 45, 30%),
or both, as two patients who initially received
peritoneal dialysis later on were switched to
haemodialysis and three patients who started with
haemodialysis later on were switched to peritoneal
dialysis.

Clinical and biochemical data collection

All patients selected for LD-RTx underwent exten-
sive clinical and laboratory investigations at the
baseline visits prior to renal transplantation [24].
Clinical investigations included anthropometric
body composition measurements, coronary artery
calcification (CAC) score by computed tomography
(CT) (Light Speed VCT or Revolution CT; GE
Healthcare, Milwaukee, WI, USA), pulse wave
analysis by SphygmoCor System (AtCor Medical,
Sydney, Australia) and estimated skin content of
advanced glycation end products (AGEs) by aut-
ofluorescence (Autofluorescence AGE-ReaderTM,
DiagnOptics Technologies BV, Groningen, the
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Netherlands). In addition, we analysed a large
panel of circulating biomarkers (n = 49) that are
considered to reflect inflammation, nutritional
status, bone metabolism and VC in CKD5. The
investigated parameters are listed in Table S1.

Assessment of presence and extent of media calcification in arterial
biopsies

The outcome of the present study was the presence
of histological proven (by scoring of an experienced
pathologist) VC at the time of LD-RTx. The prepa-
ration of epigastric artery biopsies and histological
evaluation procedures were described previously
[24]. The degree of media calcification was semi-
quantified on von Kossa-stained sections and
graded 0-3, where 0 indicated no calcification and
3 the highest degree of calcification.

Method for feature selection and classification

The classification of patients was based on pres-
ence of histological signs of calcification: patients
graded as 0 (n = 25) and 1 (n = 68) were combined
into Group 1 representing no–minimal vascular
calcification (n = 93), and those having moderate
(score 2; n = 38) or extensive (score 3; n = 21) signs
of VC were combined into Group 2, representing
moderate–extensive vascular calcification (n = 59).

The demographic and clinical characteristics of the
two studied groups are outlined in Table 1. Vas-
cular calcification and 62 other phenotypic fea-
tures were analysed, including 6 clinical and
demographic characteristics, 4 anthropometric
parameters, 49 circulating markers and 3 other
measurements, that is, CAC, pulse wave analysis
and AGEs (Table S2).

The RLS method was applied to select the subset of
features associated with VC. The term ‘relaxed’ in
the name of the method means the deterioration of
the linear separability (between two groups of
patients) due to the gradual neglecting of selected
features. Initially, in the RLS algorithm the optimal
hyperplane that separates patients from two groups
is determined. This hyperplane is usually described
by a large number of features. The repeated mini-
mization of criterion function with a gradual
increase in regularization parameter of RLSmethod
allows to generate in a deterministic manner the
descending sequence of feature subsets. In the
process of evaluation of each feature subset, the
cross-validation (leave one out) procedure was
used. The apparent error (AE) and the cross-
validation error (CVE) determined the errors on
the training and testing parts of the data, respec-
tively, and both denote the proportion of misclas-
sified patients. The feature subset with minimal

2009: 10 patients

2010: 14 patients

2011: 25 patients

2012: 12 patients

2013: 20 patients

2014: 31 patients

2015: 18 patients

2016: 18 patients

2017: 20 patients

2018: 6 patients

174 patients
82 features

Pre-emptive
n = 76, 44%

HD
n = 48, 27%

PD
n = 45, 26%

HD to PD
n = 3, 2%

PD to HD
n = 2, 1%

Patients with >65%
of the profile features

152 patients
82 features

22 patients excluded

Features with >70%
of the patients 152 patients

63 features

19 features excluded

Fig. 1 Flow chart showing recruitment of patients and criteria for selection of patients and features that were included in
the analysis by the relaxed linear separability method. Recruitment period, March 2009 through April 2018. Abbreviations:
Pre-emptive, denotes patients that pre-emptively underwent living donor kidney transplantation (LD-Rtx) without
undergoing dialysis; HD, haemodialysis; PD, peritoneal dialysis; HD to PD, patients initiating dialysis on HD and
subsequently switching to PD; PD to HD, patients initiating dialysis on PD and subsequently switching to HD.
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CVE was selected as optimal and applied on data of
all patients to determine receiver operating charac-
teristic (ROC) curve and check classification accu-
racy. The details of RLS feature selection method
were presented elsewhere [25, 26].

Statistical methods and other calculations

Statistical significance was set at the level of P-value
<0.05 unless otherwise indicated. Nonparametric
Wilcoxon rank-sum test was used to compare con-
tinuous features and Fisher’s exact test to compare
categorical features between two groups. Feature
dependencies were investigated using nonparamet-
ric Spearman’s rank correlation test. Inmultivariate
logistic regression, the backward stepwise proce-
dure was used to select features. Sensitivity, speci-
ficity and the correctness of classification are
presented for the maximal value of Youden index.

Missing values were assigned using k-nearest
neighbour algorithm at k = 1 using ‘knnimpute’

function from Bioinformatics Toolbox (MATLAB
2018b, MathWorks, Natick, MA, USA). In total,
8% of missing values were imputed. The mean
values of features in the resultant data set differed
on average of 1.21% � 1.73% from the original
data, and none of the features were statistically
different. The imputation of missing values did not
involve the outcome variable. The RLS model was
applied for the final data set with complete set of
values, whereas all the other methods operated on
the original data set.

Results

When entering all of the 62 features into the RLS
model, the smallest CVE was achieved for a subset
of 17 features (CVE = 0.16, AE = 0.14, Figure S1).
For the selected features, the area under ROC
curve was 0.91 (Fig. 2). At the highest value of
Youden index, 89% of the patients were correctly
classified into their groups at sensitivity and
specificity of 81% and 95%, respectively. The

Table 1. Clinical and demographic characteristics of 152 ESRD patients according to the classification of medial VC score

No–minimal VC(n = 93) Moderate–extensive VC(n = 59) P value

Age, years 39 [21-61] 51 [37-67] <0.001

Gender (male), n (%) 52 (56) 48 (81) 0.002

BMI, kg/m2 23.5 [19.6–28.0] 25.7 [22.3-29.8] <0.001

DM, n (%) 0 (0) 14 (24) <0.001

CVD, n (%) 5 (5) 17 (29) <0.001

MAP, mmHg 103 [84-116] 104 [88-123] 0.38

Current smoker, n (%) 32 (36) 25 (47) 0.25

HGS% 100 [63-123] 90 [56-116] 0.31

Haemoglobin, g L�1 114 [96-132] 114 [98-132] 0.93

Albumin, g L�1 36 [31-40] 35 [29-40] 0.14

Calcium, mmol L�1 2.3 [2.1-2.5] 2.3 [2.0-2.5] 0.37

Phosphate, mmol L�1 1.7 [1.1-2.3] 1.7 [1.0-2.5] 0.73

iPTH, ng L�1 226 [94-562] 302 [80-594] 0.29

HDL, mmol L�1 1.4 [1.0-1.9] 1.3 [0.8-2.1] 0.15

Cholesterol, mmol L�1 4.6 [3.4-5.9] 4.3 [3.0-6.4] 0.19

TG, mmol L�1 1.3 [0.7-2.3] 1.4 [0.8-2.5] 0.22

hsCRP, mg L�1 0.6 [0.2-4.2] 0.9 [0.3-6.1] 0.06

IL-6, pg mL�1 1.2 [0.1-3.8] 1.1 [0-4.2] 0.85

CAC, AU 0 [0-336] 111 [0-1981] <0.001

ESRD, end-stage renal disease; VC, vascular calcification; BMI, body mass index; DM, diabetes; CVD, cardiovascular
disease; MAP, mean arterial blood pressure; HGS%, handgrip strength, % of sex-matched controls; iPTH, intact
parathyroid hormone; HDL, high-density lipoprotein; TG, triglyceride; hsCRP, high-sensitivity C-reactive protein; IL-6,
interleukin 6; CAC, coronary artery calcification; AU, Agatston units.
Data presented as median (10th-90th percentile), number or percentage.
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selected features are listed in Table 2 in descending
order of the absolute value of the ‘RLS factor’ that
describes the relative importance of each feature in
the selected subset; positive RLS factors indicate
features associated with increased risk of VC, and
negative RLS factors indicate features associated
with reduced risk of VC.

The selected features were as follows: (i) soluble
receptor activator of nuclear factor-jB ligand
(sRANKL) (factor 4.05), (ii) diabetes mellitus (factor
3.66), (iii) age (factor 3.55), (iv) angiopoietin 2
(factor 3.22), (v) cholesterol (factor 3.15), (vi) body
mass index (BMI) (factor 2.95), (vii) sex (factor
2.54), (viii) uric acid (factor 2.48), (ix) IgM antibod-
ies against phosphorylcholine-A (IgM anti-PC) (fac-
tor �1.83), (x) free tri-iodothyronine (fT3) (factor
�1.59), (xi) tartrate-resistant acid phosphatase 5a
(TRAP 5a) (factor �1.51), (xii) mitochondrial open
reading frame of the 12S rRNA-c (MOTSc) (factor
1.48), (xiii) carboxy-terminal collagen cross-links
(CTX) (factor 1.40), (xiv) IgM antibodies against
malondialdehyde (IgM anti-MDA) (factor 1.40), (xv)
osteoprotegerin (OPG) (factor 1.30), (xvi) intact
parathyroid hormone (iPTH) (factor 1.26) and (xvii)
betaine (factor �0.95).

Univariate analysis and multivariate logistic regression

Univariate Spearman’s correlation analysis was
performed on all 63 features, and the results from

this analysis are included in Table 3. A total of 17
features showed a significant correlation with the
presence of VC; 7 were among the 17 features
identified using RLS method: age (rho = 0.41), OPG
(rho = 0.38), diabetes mellitus (rho = 0.40), BMI
(rho = 0.32), sex (rho = 0.26), IgM anti-PC
(rho = �0.22) and angiopoietin 2 (rho = 0.18).
However, 10 features with significant correlation
(rho) were not recognized by the RLS model as
predictors of VC: CAC score (rho = 0.50), CVD
(rho = 0.32), copeptin (rho = 0.28), sclerostin
(rho = 0.26), IGF-1 (rho = �0.25), choline
(rho = 0.25), troponin T (rho = 0.25), fat body mass
index (rho = 0.24), AGEs (rho = 0.21) and dephos-
phorylated and uncarboxylated matrix Gla-protein
(duMGP) (rho = 0.19).

In the following analysis, we entered features with
significant rho correlations into traditional multi-
variate logistic regression model (Table 4). Four
statistically significant features came out from
these 17 features in the final model as determi-
nants of VC (pseudo r2 = 0.32): 1-SD higher age
[OR: 1.06 (95% CI: 1.03,1.10)], male versus female
sex [OR: 6.67 (95% CI: 2.53,17.58)], 1-SD higher
BMI [OR: 1.17, (95% CI: 1.04,1.31)] and 1-SD
higher OPG [OR: 1.23, (95% CI: 1.05-1.44)]. The
area under ROC curve of logistic regression
was 0.80 (Fig. 2). At the best cut-off, as measured
by Youden statistics, the accuracy of patient clas-
sification (based on the coefficients derived from
the logistic regression model) was 76% with sensi-
tivity and specificity equal to 64% and 84%,
respectively.

Discussion

The identification of risk factors promoting EVA
processes in patients suffering from a complex
disease condition, such as CKD, is challenging as it
requires handling of a complex multifactorial panel
of interactive factors and mechanisms involved in
VC. In the present study, we applied the multifac-
torial RLS model to identify factors associated with
VC in a clinical data set of CKD5 patients under-
going LD-RTx. From 62 features, a set comprising
17 factors was obtained as the best feature panel
allowing 89% of the patients to be classified
correctly to their respective groups. In contrast to
traditional methods, where factors are tested one
by one or in preselected groups versus an outcome,
the current approach, using the RLS method,
provides a broader as well as less biased view of
potential risk factors that-in combination and
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Fig. 2 Receiver operating characteristic (ROC) curves with
area under curves (AUC) for relaxed linear separability
(RLS) and multivariate logistic regression methods.
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Table 2. List of 17 features derived from RLS method as predictors of VC in 152 CKD5 patients

No. Feature Name RLS factor Potential clinical and pathophysiological interpretations associated with VC

1 sRANKL 4.05 Member of TNF superfamily; RANKL/RANK signalling regulates osteoclast

formation and activation in the physiological bone remodelling process as well

as increased bone turnover in pathologic conditions [32]. Together with bone

regulatory protein OPG, the RANKL/OPG system is a key mediator of bone

metabolism participating in the bone–vascular interplay affecting coronary

arteries, atherosclerotic lesions and media vascular layers [17, 33–36]

2 Diabetes 3.66 Patients with type 2 diabetes commonly display media VC (most commonly

observed as M€onckeberg’s medial sclerosis) accompanied by increased

expression of bone matrix proteins in the medial layers, partially due to the

direct effects of hyperglycaemia on VSMC osteogenesis via multiple mechanisms

[37, 38].

3 Age 3.55 VC is a well-known age-related process. The impact of physiological ageing on VC

is complex and multifactorial; underlying mechanisms include cellular

senescence and decreased autophagy, prelamin A accumulation, Klotho

deficiency and oxidative stress [39]

4 Angiopoietin-2 3.22 A ligand of the Tie-2 receptor modulating activities of inflammatory and

angiogenetic cytokines that correlate with disease progression and

cardiovascular outcome in CKD [40, 41] and associate with severity of arterial

stiffness in CKD stage 3-5 nondialysis patients [42]

5 Cholesterol 3.15 A well-known traditional risk factor for cardiovascular calcification; yet, clinical

evidence is needed to demonstrate whether lipid-lowering strategies reduce the

progression of calcification [43, 44]. In vitro, cholesterol-lowering drugs could

enhance osteoblastic differentiation in osteoblast 2T3 cells [45] and VSMCs

isolated from LDL receptor (LDLR) knockout mice showed a reduced ALP activity

and matrix mineralization with concomitantly decreased intracellular

cholesterol levels [46], indicating the role of cellular cholesterol in bone

remodelling and VC. It has been hypothesized that statins may promote VC by

inhibiting synthesis of vitamin K [47]

6 BMI 2.95 While obesity is assumed to be a precursor of dyslipidaemia and inflammation

accounting for increased risk of subclinical atherosclerosis in general

population [48], the ‘obesity paradox’ suggests higher BMI may be associated

with better cardiovascular outcome in patients with CKD and other chronic

diseases [49]. Data from observational studies were, however, inconsistent [50–

52], and studies are warranted to better understand the paradox. Recent data

suggest that obesity with systemic inflammation is associated with a different

prognosis than obesity without inflammation [53]

7 Male sex 2.54 Despite the long-acknowledged disparity between males and females as regards

cardiac disease, the aetiology of the female gender advantage in cardiovascular

calcification remains to be delineated. Possible factors include differences in

vascular beds, hormonal variations, as well as lifestyle issues
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Table 2 (Continued )

No. Feature Name RLS factor Potential clinical and pathophysiological interpretations associated with VC

8 Uric acid 2.48 Uric acid suppresses 1a-hydroxylase activity and subsequently results in

decreased 1,25(OH)2D and increased PTH levels in rats [54]; in humans,

allopurinol lowers serum uric acid with a concurrent increase in 1,25(OH)2D

and a reduction in PTH [55]. Epidemiological data demonstrated

hyperuricaemia as an independent predictor of moderate CAC score in various

study populations [56–58]; transporters of uric acid were expressed both in rat

and in human VSMCs [59, 60], which could potentially elucidate its direct or

indirect vascular effect

9 IgM anti-PC �1.83 High circulating levels of IgM anti-PC are negatively associated with

atherosclerosis development, cardiovascular risk and mortality in CKD [61–63].

Underlying mechanisms, such as anti-inflammatory effects promoting T

regulatory cell polarization and clearance of dead cells, support the protective

role of anti-PC in vascular ageing [61, 64, 65]

10 fT3 �1.59 fT3 protects vasculature against calcification [66]. The inverse association

between serum fT3 and cardiovascular calcification/outcome has been widely

demonstrated [67, 68]. In vitro, T3 suppresses Ca/P-induced calcification of rat

VSMCs via PI3K/Akt signalling pathway [66] as well as upregulates MGP gene

expression and prevents VC [69]

11 TRAP 5a �1.51 Serum TRAP5a, a novel inflammatory marker, is highly prevalent in patients with

rheumatoid arthritis and ESRD [70, 71]. TRAP5a could be an indicator of

inflammatory vulnerable plaques that are prone to rupture [72, 73]. The current

paradoxical correlation between TRAP5a and epigastric media VC implies that

presence of atherosclerosis with vulnerable plaques was present in the subset of

non-VC patients, whereas patients in the media VC subset may have co-existent

relatively more stable calcified plaque lesions.

12 MOTSc 1.48 MOTSc is a mitochondrial-derived peptide (MDP) which acts as a metabolic hub

regulating cellular functions in response to cellular stress [74]. Cellular MDPs

induce the senescence-associated secretory phenotype cytokines, such as IL-6,

IL-8, IL-10 and TNF [75, 76]. The present finding of high circulating levels of

MOTSc in patients with severe VC could represent a compensatory mechanism

against VSMC senescence and calcification process in uraemia

13 CTX 1.40 CTX is produced by osteoclasts as a marker of bone resorption. The ‘calcification

paradox’ illustrates the contradictory association among ectopic artery

mineralization and disturbed bone turnover [69]. High bone resorption with

elevated serum CTX levels could be linked with increased VC

14 IgM anti-MDA 1.40 Less is known about antibodies against MDA conjugated with albumin, which

functions as a DAMP [61]. Studies from a few groups have reported its protective

property in CVD and SLE [64, 77]. Further studies are needed to elucidate the

difference between IgM anti-PC and IgM anti-MDA
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analysed concomitantly-associate with presence of
VC in the uraemic milieu.

Five traditional risk factors were placed among the
top seven in the resulting ranking feature set
derived from RLS method. Despite the common
view that traditional risk factors may be inferior as
compared to novel biomarkers predicting cardio-
vascular outcomes in CKD [27, 28], our results
indicate that conventional risk factors, that is age,
sex, diabetes, BMI and cholesterol, outperformed
many novel biomarkers, suggesting that traditional
risk factors are of paramount importance for VC in
uraemia. Five biomarkers selected by the RLS
algorithm were bone metabolism-related markers,
that is, sRANKL, fT3, CTX, OPG and iPTH, sug-
gesting the close interplay between disturbed bone
metabolism and ectopic VC [29, 30]. In addition,
RLS yielded several novel VC biomarkers for which
clinical and potential pathophysiological implica-
tions are noted in Table 2.

Interestingly, some factors included in the RLS
model did not turn out to have any predictive value
in the final feature set. For instance, the presence
of CVD, CAC score and the systemic inflammatory
markers, hsCRP and IL-6, were not associated with
VC. Thus, we would assume that the commonness
of these features is not conducive for separating
between patients with and without VC. Also, while
the presence of CVD and the high inflammatory
burden are involved with the pathogenesis of VC,
these factors may not be direct promotors of VC in
the context of uraemic milieu. In the univariate
analysis, though CAC score was significantly cor-
related with VC scores, it did not show up as a
predictive feature of media VC verified in epigastric
arteries. One possible explanation could be that
the aetiology of calcification process in diverse
vasculatures, that is coronary arteries and epigas-
tric artery, might be different, resulting in a
discrete extent of calcification. Also, by CT heart
scanning, we cannot disclose the calcified plaques

Table 2 (Continued )

No. Feature Name RLS factor Potential clinical and pathophysiological interpretations associated with VC

15 OPG 1.30 OPG acts as a soluble receptor for RANKL and inhibits binding of RANKL to

RANK, thereby preventing osteoclast activation and subsequent bone resorption

[32]. OPG-/- mice develop early-onset osteoporosis and VC [78]. Clinically, high

circulating levels of OPG associate with increased VC as a compensatory

mechanism against VC [34]

16 iPTH 1.26 Despite the impact of high PTH on bone loss, cardiovascular events and CAC

progression in various populations [79–81], the direct role of PTH in VC remains

to be determined. Disputed preclinical data [82, 30] exist as to whether high PTH

exacerbates VSMC osteogenesis and calcium deposition through PTH 1 receptor

signalling, possibly due to the heterogeneity of calcification inducement, PTH

(PTH1-34 fragments or PTH-related peptides), medium composition and VSMC

types

17 Betaine -0.95 Betaine is a nutrient that acts as osmolyte and methyl group donor to maintain

organ function [83]. Low plasma levels of betaine associate with cardiovascular

events [84]. While the direct vascular effect of betaine remains to be explored

[85, 86], an indirect protective role on vascular health could be speculated given

its role of in the methionine cycle

RLS, relaxed linear separability; VC, vascular calcification; CKD5, chronic kidney disease stage 5; sRANKL, soluble
receptor activator of nuclear factor-jB ligand; TNF, tumour necrosis factor; RANK, receptor activator of nuclear factor-jB;
OPG, osteoprotegerin; VSMC, vascular smooth muscle cell; LDL, low-density lipoprotein; BMI, body mass index; PTH,
parathyroid hormone; CAC, coronary artery calcium; IgM anti-PC, IgM antibodies against phosphorylcholine-A; fT3, free
tri-iodothyronine; MGP, matrix Gla-protein; TRAP 5a, tartrate-resistant acid phosphatase 5a; ESRD, end-stage renal
disease; MOTSc, mitochondrial open reading frame of The 12S rRNA-c; CTX, carboxy-terminal collagen cross-links; IgM
anti-MDA, IgM antibodies against malondialdehyde; DAMP, damage-associated molecular pattern; CVD, cardiovascular
disease; SLE, systemic lupus erythematosus; OPG, osteoprotegerin; iPTH, intact parathyroid hormone
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in coronary arteries as a result of medial or intima
calcification.

It is crucial to understand that the features iden-
tified by the RLS model-based on their ability to
separate the two subgroups characterized by

calcification and noncalcification, respectively-are
derived taking all investigated features into
account simultaneously. The comprehensive
results-including some apparently counterintuitive
findings among the resulting feature set-require
nonbiased interpretations of the mechanisms
involved in VC. Of note, in this feature selection
analysis, while current knowledge of the biological
or pathological implications of certain identified
factors may help to elucidate their roles in the
studied phenomena, each individual feature
should not be considered separately but in combi-
nation with all other features in the resulting
model. Whereas several of the identified factors
are already well-established VC risk factors, the
added value of the applied RLS feature selection
model is that it provides nephrologists with novel
aspects of factors associated with VC, which
appear to fit well with the intricate scenario of VC
as observed in the clinical situation.

To compare RLS with traditional statistical meth-
ods, we performed univariate Spearman’s rank
correlation and multivariate logistic regression.
These analyses revealed certain deficiencies and
strengths. Univariate analysis is clearly not ideal
for this type of data set. Given that the number of
factors resulting in a complex clinical scenario is
presumably very large, the number of statistical
tests performed would inevitably generate
increased risks of false-positive findings; mean-
while, correction for multiple testing would conse-
quently induce false-negative results. Establishing
a model such as RLS, taking all available factors
into account concomitantly, rather than testing
them one by one, minimizes the risk of statistical
errors and provides a biologically more relevant
way of analysing the data. Nevertheless, most of
the significant correlation coefficients resulting
from the univariate analysis appear to be biologi-
cally plausible based on our current knowledge on
factors associated with VC. For example, VC cor-
related with well-established markers of VC such
as sclerostin, duMGP and CAC, while there was a
negative correlation between VC and IGF-1
(Table 3). A potential drawback of the RLS method
can occur when two features strongly related to the
outcome are dependent on each other. In this case,
only one feature will enter the model and poten-
tially the second highly predictive feature will be
missed. In such situation, univariate analysis has
the advantage over the RLS method. It is reassur-
ing that four of the features that associated with VC
in the multivariate logistic regression analysis, that

Table 3. Spearman’s correlation between vascular
calcification and other features

No. Variables Rho P value

1 Age, years 0.41 <0.001

2 Sex, male 0.26 0.001

3 DM, yes 0.40 <0.001

4 CVD, yes 0.32 <0.001

5 BMI, kg m�2 0.32 <0.001

6 AGEs, skin autofluorescence 0.21 0.02

7 Angiopoietin-2, pg mL�1 0.18 0.04

8 CAC, AU 0.50 <0.001

9 Choline, lmol L�1 0.25 0.003

10 Copeptin, pg mL�1 0.28 0.001

11 duMGP, pmol L�1 0.19 0.03

12 FBMI, kg m�2 0.24 0.01

13 IGF-1, ng mL�1 �0.25 0.004

14 IgM anti-PC, U mL�1 �0.22 0.01

15 Osteoprotegerin, pg mL�1 0.38 <0.001

16 Sclerostin, pg mL�1 0.26 0.001

17 Troponin T, lg L�1 0.25 0.006

DM, diabetes; CVD, cardiovascular disease; BMI, body
mass index; AGEs, advanced glycation end products;
CAC, coronary artery calcification; duMGP, dephospho-
rylated and uncarboxylated matrix Gla-protein; FBMI, fat
body mass index; IGF-1, insulin growth factor 1; IgM anti-
PC, IgM antibodies against phosphorylcholine-A

Table 4. Logistic regression analysis of determinants of
vascular calcification in 152 CKD5 patientsa

Variables OR (95% CI)

1-SD higher age, years 1.06 (1.03, 1.10)

Sex, male versus female 6.67 (2.53, 17.58)

1-SD higher BMI, kg/m2 1.17 (1.04, 1.31)

1-SD higher osteoprotegerin, pg/mL 1.23 (1.05, 1.44)

BMI, body mass index; OR, odds ratio; SD, standard
deviation.
aLogistic regression was applied by backward stepwise
selection procedure, and the significant determinants
were presented in this final model.
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is, age, sex, BMI and OPG, were also present
among the 17 features identified by the RLS
analysis. However, the predictive performance of
VC using logistic regression was lower than that
obtained by RLS approach with 76% vs. 89%
patients, respectively, correctly classified into their
groups. Simultaneously, the proportion of true-
positive to false-positive rate was less advanta-
geous in logistic regression than in RLS model with
area under ROC curve being 0.80 in logistic
regression and 0.91 using RLS method.

Several limitations of the study should be consid-
ered. This model is based on a specific data set of
CKD patients undergoing LD-RTx who underwent
specific measurements of phenotypes and
biomarkers with clinical characteristics unique to
this cohort. Thereby, the preselection of features
was to a large extent based on already available
knowledge about causes and implications of VC;
vice versa, unmeasured biomarkers recently pro-
ven to be relevant to VC, such as uromodulin [31],
were not included in the analysis. In addition, the
definition of VC was based on the established
presence-according to scoring by one experienced
pathologist-of pathological media VC of the epigas-
tric artery and one single vasculature bed would
not be sufficiently representative for the entire
vascular system. On the other hand, this study
represents a novel approach that may have the
capacity to reveal unknown combined effects of
individual phenotypic features. Additional tests in
replication cohorts as to reinforce and confirm the
current findings are warranted.

In conclusion, premature VC as defined by patho-
logical medial calcification score of epigastric
arteries in CKD5 patients is-to a large extent-
associated with traditional risk factors and bone
turnover markers as well as with some novel
markers. The current analysis provides a mapping
of selected features that-when all investigated
features are analysed concomitantly-differentiate
patients with VC from those without. Also, using
the multifactorial approach characterizing the RLS
method and evaluating several features simultane-
ously makes it possible to identify factors associ-
ated with VC in the complex uraemic milieu.
Although the identification of phenotypic features
that associated with biopsy-verified vascular media
calcification needs replication in other cohorts, our
findings-if confirmed-may inform future investiga-
tions on premature vascular ageing in this patient
population without the need of arterial biopsies.

Acknowledgements

We thank the patients who participated in the
study. We are grateful to all those who carried out
the extensive clinical and laboratory work. The
study benefited from generous support from
Strategic Research Program in Diabetes at Karolin-
ska Institutet (Swedish Research Council grant No
2009-1068), European Union’s Horizon 2020
research and innovation program under the Marie
Skłodowska-Curie grant agreement No 722609,
International Network for Training on Risks of
Vascular Intimal Calcification and roads to Regres-
sion of Cardiovascular Disease (INTRICARE; www.
intricare.eu). Baxter Novum is the result of a grant
from Baxter Healthcare to Karolinska Institutet.

Conflict of interest statement

BL is affiliated with Baxter Healthcare. MS is an
employee of AstraZeneca. PS is on the scientific
advisory board of REATA, Baxter and Corvidia.

References

1 Nilsson PM. Early vascular aging (EVA): consequences and

prevention. Vasc Health Risk Manag 2008; 4: 547–52.

2 Dai L, Qureshi AR, Witasp A, Lindholm B, Stenvinkel P. Early

vascular ageing and cellular senescence in chronic kidney

disease. Comput Struct Biotechnol J 2019; 17: 721–9.

3 Kooman JP, Kotanko P, Schols AMWJ, Shiels PG, Stenvinkel

P. Chronic kidney disease and premature ageing. Nat Rev

Nephrol 2014; 10: 732–42.

4 London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B,

Adda H. Arterial media calcification in end-stage renal

disease: impact on all-cause and cardiovascular mortality.

Nephrol Dial Transplant 2003; 18: 1731–40.

5 Amann K. Media calcification and intima calcification are

distinct entities in chronic kidney disease. Clin J Am Soc

Nephrol 2008; 3: 1599–605.

6 Janda K, Krzanowski M, Gajda M et al. Cardiovascular risk in

chronic kidney disease patients: intima-media thickness

predicts the incidence and severity of histologically assessed

medial calcification in radial arteries. BMC Nephrol 2015;

16: 78.

7 Blacher J, Guerin AP, Pannier B, Marchais SJ, London GM.

Arterial calcifications, arterial stiffness, and cardiovascular

risk in end-stage renal disease. Hypertension 2001; 38: 938–

42.

8 Shaw LJ, Raggi P, Berman DS, Callister TQ. Coronary artery

calcium as a measure of biologic age. Atherosclerosis 2006;

188: 112–9.

9 Nilsson PM, Lurbe E, Laurent S. The early life origins of

vascular ageing and cardiovascular risk: the EVA syndrome. J

Hypertens 2008; 26: 1049–57.

10 Shanahan CM, Crouthamel MH, Kapustin A, Giachelli CM.

Arterial calcification in chronic kidney disease: key roles for

calcium and phosphate. Circ Res 2011; 109: 697–711.

Features associated with vascular calcification in CKD / L. Dai et al.

ª 2019 The Association for the Publication of the Journal of Internal Medicine 431

Journal of Internal Medicine, 2020, 287; 422–434

http://www.intricare.eu
http://www.intricare.eu


11 Sage AP, Tintut Y, Demer LL. Regulatory mechanisms in

vascular calcification. Nat Rev Cardiol 2010; 7: 528–36.

12 Paloian NJ, Giachelli CM. A current understanding of vascu-

lar calcification in CKD. Am J Physiol Renal Physiol 2014;

307: F891–900.

13 Shanahan CM. Mechanisms of vascular calcification in CKD -

evidence for premature ageing? Nat Rev Nephrol 2013; 9:

661–70.

14 Chen NX, O’Neill KD, Moe SM. Matrix vesicles induce calci-

fication of recipient vascular smooth muscle cells through

multiple signaling pathways. Kidney Int 2018; 93: 343–54.

15 Alesutan I, Tuffaha R, Auer T et al. Inhibition of osteo/chon-

drogenic transformation of vascular smooth muscle cells by

MgCl2 via calcium-sensing receptor. J Hypertens 2017; 35:

523–32.

16 Byon CH, Chen Y. Molecular mechanisms of vascular calci-

fication in chronic kidney disease: the link between bone and

the vasculature. Curr Osteoporos Rep 2015; 13: 206–15.

17 Tschiderer L, Klingenschmid G, Nagrani R et al. Osteoprote-

gerin and cardiovascular events in high-risk populations:

meta-analysis of 19 prospective studies involving 27 450

participants. J Am Heart Assoc 2018; 7: e009012.

18 Moe SM, Chen NX. Mechanisms of vascular calcification in

chronic kidney disease. J Am Soc Nephrol 2008; 19: 213–6.

19 Shroff R, Long DA, Shanahan C. Mechanistic insights into

vascular calcification in CKD. J Am Soc Nephrol 2013; 24:

179–89.

20 Jono S, Shioi A, Ikari Y, Nishizawa Y. Vascular calcification in

chronic kidney disease. J Bone Miner Metab 2006; 24: 176–81.

21 Schurgers LJ, Alvarez-Hernandez D, Muller K et al. Vascular

smooth muscle cell calcification is mediated by regulated

exosome secretion. Circ Res 2015; 116: 1312–23.

22 Luttropp K, Debowska M, Lukaszuk T et al. Genotypic and

phenotypic predictors of inflammation in patients with

chronic kidney disease. Nephrol Dial Transplant 2016; 31:

2033–40.

23 Bobrowski L, Łukaszuk T, Lindholm B et al. Selection of

genetic and phenotypic features associated with inflamma-

tory status of patients on dialysis using relaxed linear

separability method. PLoS ONE 2014; 9: e86630.

24 Qureshi AR, Olauson H, Witasp A et al. Increased circulating

sclerostin levels in end-stage renal disease predict biopsy-

verified vascular medial calcification and coronary artery

calcification. Kidney Int 2015; 88: 1356–64.

25 Bobrowski L, Lukaszuk T. Feature selection based on relaxed

linear separability. Biocybern Biomed Eng 2009; 29: 43–59.

26 Bobrowski L, Lukaszuk T. Selection of the linearly separable

feature subsets. In: Rutkowski L, Siekmann JH, Tadeusiewicz

R, Zadeh LA, eds. Artificial Intelligence and Soft Computing -

ICAISC 2004. ICAISC 2004. Lecture Notes in Computer

Science. Berlin, Heidelberg: Springer, 2004; 3070: 544–9.

27 Blankstein R, Berman D, Blaha MJ et al. Interplay of coronary

artery calcification and traditional risk factors for the predic-

tion of all-cause mortality in asymptomatic individuals. Circ

Cardiovasc Imaging 2012; 5: 467–73.

28 Solbu MD, Mjøen G, Mark PB et al. Predictors of atheroscle-

rotic events in patients on haemodialysis: post hoc analyses

from the AURORA study. Nephrol Dial Transplant 2018; 33:

102–12.

29 Reiss AB, Miyawaki N, Moon J et al. CKD, arterial calcifica-

tion, atherosclerosis and bone health: Inter-relationships and

controversies. Atherosclerosis 2018; 278: 49–59.

30 Carrillo-L�opez N, Panizo S, Alonso-Montes C et al. High-serum

phosphate and parathyroid hormone distinctly regulate bone

loss and vascular calcification in experimental chronic kidney

disease. Nephrol Dial Transplant 2019; 34: 934–41.

31 Bjornstad P, Wiromrat P, Johnson RJ et al. Serum uromod-

ulin predicts less coronary artery calcification and diabetic

kidney disease over 12 years in adults with type 1 diabetes:

the CACTI study. Diabetes Care 2019; 42: 297–302.

32 Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone

modeling and remodeling. Arch Biochem Biophys 2008; 473:

139–46.

33 Kuster N, Canaud B, Klouche K et al. Osteoprotegerin and

sclerostin in chronic kidney disease prior to dialysis: potential

partners in vascular calcifications. Nephrol Dial Transplant

2015; 30: 1345–56.

34 Lampropoulos CE, Papaioannou I, D’Cruz DP. Osteoporosis–

a risk factor for cardiovascular disease? Nat Rev Rheumatol

2012; 8: 587–98.

35 Collin-Osdoby P. Regulation of vascular calcification by

osteoclast regulatory factors RANKL and osteoprotegerin. Circ

Res 2004; 95: 1046–57.

36 Ohmori K, Kawakami R, Kohno M et al. RANKL system in

vascular and valve calcification with aging. Inflamm Regen

2016; 36: 10.

37 Chen NX, Duan D, O’Neill KD, Moe SM. High glucose

increases the expression of Cbfa1 and BMP-2 and enhances

the calcification of vascular smooth muscle cells. Nephrol Dial

Transplant 2006; 21: 3435–42.

38 Lanzer P, Boehm M, Sorribas V et al. Medial vascular

calcification revisited: review and perspectives. Eur Heart J

2014; 35: 1515–25.

39 Raggi P, Gongora MC, Gopal A, Callister TQ, Budoff M, Shaw

LJ. Coronary artery calcium to predict all-cause mortality in

elderly men and women. J Am Coll Cardiol 2008; 52: 17–23.

40 Fiedler U, Reiss Y, Scharpfenecker M et al. Angiopoietin-2

sensitizes endothelial cells to TNF-alpha and has a crucial role

in the induction of inflammation. Nat Med 2006; 12: 235–9.

41 Thurston G, Rudge JS, Ioffe E et al. Angiopoietin-1 protects

the adult vasculature against plasma leakage. Nat Med 2000;

6: 460–3.

42 Chen Y-TMY-MT, Lin S-LL, Chen Y-TMY-MT et al. Angiopoi-

etin-2-induced arterial stiffness in CKD. J Am Soc Nephrol

2014; 25: 1198–209.

43 Demer LL. Cholesterol in vascular and valvular calcification.

Circulation 2001; 104: 1881–3.

44 Dykun I, Lehmann N, K€alsch H et al. Statin medication

enhances progression of coronary artery calcification: The

Heinz Nixdorf Recall Study. J Am Coll Cardiol 2016; 68: 2123–

5.

45 Ghosh-Choudhury N, Mandal CC, Choudhury GG. Statin-

induced Ras activation integrates the phosphatidylinositol 3-

kinase signal to Akt and MAPK for bone morphogenetic

protein-2 expression in osteoblast differentiation. J Biol Chem

2007; 282: 4983–93.

46 Geng Y, Hsu JJ, Lu J et al. Role of cellular cholesterol

metabolism in vascular cell calcification. J Biol Chem 2011;

286: 33701–6.

47 Chen Z, Qureshi AR, Parini P et al. Does statins promote

vascular calcification in chronic kidney disease? Eur J Clin

Invest 2017; 47: 137–48.

48 Hubert HB, Feinleib M, McNamara PM, Castelli WP. Obesity

as an independent risk factor for cardiovascular disease: a

Features associated with vascular calcification in CKD / L. Dai et al.

432 ª 2019 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 422–434



26-year follow-up of participants in the Framingham Heart

Study. Circulation 1983; 67: 968–77.

49 Schmidt DS, Salahudeen AK. Cardiovascular and survival

paradoxes in dialysis patients: obesity-survival paradox-still

a controversy? Semin Dial 2007; 20: 486–92.

50 Romero-Corral A, Montori VM, Somers VK et al. Association

of bodyweight with total mortality and with cardiovascular

events in coronary artery disease: a systematic review of

cohort studies. Lancet (London, England) 2006; 368: 666–

78.

51 Kovacic JC, Lee P, Baber U et al. Inverse relationship between

body mass index and coronary artery calcification in patients

with clinically significant coronary lesions. Atherosclerosis

2012; 221: 176–82.

52 Ricalde A, Allison M, Rifkin D, Shaw R. Anthropometric

measures of obesity and renal artery calcification: results

from the Multi-Ethnic Study of Atherosclerosis. Atherosclero-

sis 2018; 271: 142–7.

53 Wiebe N, Stenvinkel P, Tonelli M. Associations of chronic

inflammation, insulin resistance, and severe obesity with

mortality, myocardial infarction, cancer, and chronic pul-

monary disease. JAMA Netw Open 2019; 2: e1910456.

54 Chen W, Roncal-Jimenez C, Lanaspa M et al. Uric acid

suppresses 1 alpha hydroxylase in vitro and in vivo. Metabo-

lism 2014; 63: 150–60.

55 Yilmaz H, Kaya M, Sahin M, Delibasi T. Is vitamin D status a

predictor glycaemic regulation and cardiac complication in

type 2 diabetes mellitus patients? Diabetes Metab Syndr

2012; 6: 28–31.

56 Jun JE, Lee Y-BB, Lee S-EE et al. Elevated serum uric acid

predicts the development of moderate coronary artery calci-

fication independent of conventional cardiovascular risk

factors. Atherosclerosis 2018; 272: 233–9.

57 Krishnan E, Pandya BJ, Chung L, Dabbous O. Hyperuricemia

and the risk for subclinical coronary atherosclerosis–data

from a prospective observational cohort study. Arthritis Res

Ther 2011; 13: R66.

58 Calvo RY, Araneta MR, Kritz-Silverstein D, Laughlin GA,

Barrett-Connor E. Relation of serum uric acid to severity and

progression of coronary artery calcium in postmenopausal

White and Filipino women (from the Rancho Bernardo study).

Am J Cardiol 2014; 113(7): 1153–1158.

59 Kang D-H, Han L, Ouyang X et al. Uric acid causes vascular

smooth muscle cell proliferation by entering cells via a

functional urate transporter. Am J Nephrol 2005; 25: 425–33.

60 Price KL, Sautin YY, Long DA et al. Human vascular smooth

muscle cells express a urate transporter. J Am Soc Nephrol

2006; 17: 1791–5.

61 Frosteg�ard J. Immunity, atherosclerosis and cardiovascular

disease. BMC Med 2013; 11: 117.

62 Carrero JJ, Hua X, Stenvinkel P et al. Low levels of IgM

antibodies against phosphorylcholine-A increase mortality

risk in patients undergoing haemodialysis. Nephrol Dial

Transplant 2009; 24: 3454–60.

63 Sun J, Lundstr€om SL, Zhang B et al. IgM antibodies against

phosphorylcholine promote polarization of T regulatory cells

from patients with atherosclerotic plaques, systemic lupus

erythematosus and healthy donors. Atherosclerosis 2018;

268: 36–48.

64 Rahman M, Sing S, Golabkesh Z et al. IgM antibodies against

malondialdehyde and phosphorylcholine are together strong

protection markers for atherosclerosis in systemic lupus

erythematosus: Regulation and underlying mechanisms. Clin

Immunol (Orlando, Fla) 2016; 166–167: 27–37.

65 Su J, Georgiades A, Wu R, Thulin T, de Faire U, Frosteg�ard J.

Antibodies of IgM subclass to phosphorylcholine and oxidized

LDL are protective factors for atherosclerosis in patients with

hypertension. Atherosclerosis 2006; 188: 160–6.

66 Chang X, Zhang B, Lihua L, Feng Z. T3 inhibits the calcifi-

cation of vascular smooth muscle cells and the potential

mechanism. Am J Transl Res 2016; 8: 4694–704.

67 Zhang Y, Kim B-K, Chang Y et al. Thyroid hormones and

coronary artery calcification in euthyroid men and women.

Arterioscler Thromb Vasc Biol 2014; 34: 2128–34.

68 Meuwese CL, Carrero JJ, Cabezas-Rodr�ıguez I et al. Nonthy-

roidal illness: a risk factor for coronary calcification and

arterial stiffness in patients undergoing peritoneal dialysis? J

Intern Med 2013; 274: 584–93.

69 Sato Y, Nakamura R, Satoh M et al. Thyroid hormone targets

matrix Gla protein gene associated with vascular smooth

muscle calcification. Circ Res 2005; 97: 550–7.

70 Janckila AJ, Neustadt DH, Nakasato YR, Halleen JM, Hen-

tunen T, Yam LT. Serum tartrate-resistant acid phosphatase

isoforms in rheumatoid arthritis. Clin Chim Acta 2002; 320:

49–58.

71 Janckila AJ, Lederer ED, Price BA, Yam LT. Tartrate-resistant

acid phosphatase isoform 5a as an inflammation marker in

end-stage renal disease. Clin Nephrol 2009; 71: 387–96.

72 Full LE, Ruisanchez C, Monaco C. The inextricable link

between atherosclerosis and prototypical inflammatory dis-

eases rheumatoid arthritis and systemic lupus erythemato-

sus. Arthritis Res Ther 2009; 11: 217.

73 Janckila AJ, Lin HF, Wu YY et al. Serum tartrate-resistant

acid phosphatase isoform 5a (TRACP5a) as a potential risk

marker in cardiovascular disease. Clin Chim Acta 2011; 412:

963–9.

74 Kim SJ, Xiao J, Wan J, Cohen P, Yen K. Mitochondrially

derived peptides as novel regulators of metabolism. J Physiol

2017; 595: 6613–21.

75 Mendelsohn AR, Larrick JW. Mitochondrial-derived peptides

exacerbate senescence. Rejuvenation Res 2018; 21: 369–73.

76 Kim SJ, Mehta HH, Wan J et al. Mitochondrial peptides

modulate mitochondrial function during cellular senescence.

Aging (Albany NY) 2018; 10: 1239–56.

77 Thiagarajan D, Frostegard AG, Singh S et al. Human IgM

antibodies to malondialdehyde conjugated with albumin are

negatively associated with cardiovascular disease among 60-

year-olds. J Am Heart Assoc 2016; 5(12): 5.

78 Bennett BJ, Scatena M, Kirk EA et al. Osteoprotegerin

inactivation accelerates advanced atherosclerotic lesion pro-

gression and calcification in older ApoE-/- mice. Arterioscler

Thromb Vasc Biol 2006; 26: 2117–24.

79 Aref MW, Swallow EA, Metzger CE, Chen N, Moe SM, Allen

MR. Parathyroid suppression therapy normalizes chronic

kidney disease-induced elevations in cortical bone vascular

perfusion: a pilot study. Osteoporosis Int 2019; 30: 1693–8.

80 Malluche HH, Blomquist G, Monier-Faugere M-CC et al. High

parathyroid hormone level and osteoporosis predict progres-

sion of coronary artery calcification in patients on dialysis. J

Am Soc Nephrol 2015; 26: 2534–44.

81 Hagstr€om E, Micha€elsson K, Melhus H et al. Plasma-parathy-

roid hormone is associated with subclinical and clinical

atherosclerotic disease in 2 community-based cohorts. Arte-

rioscler Thromb Vasc Biol 2014; 34: 1567–73.

Features associated with vascular calcification in CKD / L. Dai et al.

ª 2019 The Association for the Publication of the Journal of Internal Medicine 433

Journal of Internal Medicine, 2020, 287; 422–434



82 Jono S, Nishizawa Y, Shioi A, Morii H. Parathyroid hormone-

related peptide as a local regulator of vascular calcification.

Its inhibitory action on in vitro calcification by bovine

vascular smooth muscle cells. Arterioscler Thromb Vasc Biol

1997; 17: 1135–42.

83 Craig SAS. Betaine in human nutrition. Am J Clin Nutr 2004;

80: 539–49.

84 Guasch-Ferr�e M, Hu FB, Ruiz-Canela M et al. Plasma

metabolites from choline pathway and risk of cardiovascular

disease in the PREDIMED (Prevention with Mediterranean

Diet) study. J Am Heart Assoc 2017; 6: e006524.

85 Liu T, Lin J, Ju T, Chu L, Zhang L. Vascular smooth muscle

cell differentiation to an osteogenic phenotype involves matrix

metalloproteinase-2 modulation by homocysteine. Mol Cell

Biochem 2015; 406: 139–49.

86 Li J, Chai S, Tang C, Du J. Homocysteine potentiates

calcification of cultured rat aortic smooth muscle cells. Life

Sci 2003; 74: 451–61.

Correspondence: Peter Stenvinkel, Division of Renal Medicine and

Baxter Novum, Department of Clinical Science, Intervention and

Technology, Karolinska University Hospital, SE-14186 Stock-

holm, Sweden.

(fax: +46-8-7114742; e-mail: peter.stenvinkel@ki.se).

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Table S1. List of features in the datasets.

Table S2. Clinical and demographic characteris-
tics of 152 CKD5 patients included in the analysis
and 22 patients not in the final analysis.

Figure S1. Cross-validation error (CVE) and appar-
ent error (AE) during RLS procedure.

Features associated with vascular calcification in CKD / L. Dai et al.

434 ª 2019 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2020, 287; 422–434

mailto:

