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ABSTRACT

Breast arterial calcification (BAC) is increasingly recognized as a specific marker of medial calcification. The present
retrospective observational cohort study aimed to define the prevalence, progression rate, risk factors and clinical
implications of BAC in chronic kidney disease (CKD) patients across stages of disease. The presence and extent of BAC
were determined on mammograms in 310 females (58.7 ± 10.8 years, Caucasian) with CKD across various stages of
disease [CKD G2–5D n = 132; transplant (Tx) recipients n = 178]. In a subset of 88 patients, repeat mammography was
performed, allowing us to calculate the annualized BAC rate. Overall, BAC was observed in 34.7% of the patients. BAC
prevalence (P = 0.02) and BAC score (P = 0.05) increased along the progression of CKD. In the overall cohort, patients with
BAC were characterized by older age, more cardiovascular disease, more inflammation, higher pulse pressure and
borderline higher prevalence of diabetes and were more often treated with a vitamin K antagonist (VKA). The BAC
progression rate was significantly lower in Tx patients as compared with CKD G5D. Progressors were characterized by
more inflammation, worse kidney function, higher BAC score and higher serum phosphate level (Tx only) at baseline and
were more often treated with a VKA. Major adverse cardiovascular event-free survival was significantly worse in Tx
patients with BAC. In conclusion, BAC is common among CKD patients, progresses at a slower pace in Tx patients as
compared with CKD 5D and associates with dismal cardiovascular outcomes. BAC score, kidney function, serum
phosphate at baseline and VKA usage seem to be important determinants of progression.
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GRAPHICAL ABSTRACT
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INTRODUCTION

Vascular calcification (VC) is a common finding in patients
with chronic kidney disease (CKD). Both prevalence and sever-
ity progress along with the decline of kidney function [1]. As
in the general population, VC in CKD patients associates with
dismal cardiovascular outcomes [2]. VC is an actively regulated
biological process associated with crystallization of hydroxya-
patite in the extracellular matrix and in cells of the media or
intima of the arterial wall. Although intimal and medial calci-
fication share many risk factors, pathophysiology and clinical
implications differ substantially [3]. It appears that while de-
position of hydroxyapatite represents the resulting commonal-
ity of VC, different initiating and propagating molecular mech-
anisms as well as diverse crystalline compositions of calcium
apatite crystals may be present in various forms of VC [4]. Fur-
thermore, the pathophysiology of medial calcification may vary
across vascular beds, probably reflecting differences in the ge-
netic origin of the vascular smooth muscle cells [5, 6]. In re-
cent years, interest in breast arterial calcification (BAC) has in-
creased. The reasons are 2-fold. First, on histologic examina-
tion, BAC was shown to be exclusively medial [7]. BAC may thus
serve as a specific marker for medial calcification and its as-
sessment may help identify specific risk factors [8, 9]. Second,
measurement of BAC may offer a personalized, noninvasive ap-
proach to risk-stratify women for cardiovascular disease (CVD)
at no additional cost or radiation since a majority of women
>40 years of age undergo regular breast cancer screening with
mammography.

Recent estimates are that 12.7% of women undergoing breast
cancer screening have some degree of BAC. Factors associated
with a higher prevalence include older age, diabetes mellitus,
hypertension and CKD [10–12].A significant association between
BAC and coronary artery calcification has been reported inmany,
but not all studies [10, 13].

Studies exploring the prevalence and progression of BAC in
CKD across stages of disease are scanty. Furthermore, only a few
studies have explored the association between BAC and min-
eral metabolism disturbances and inflammation, i.e. wel- es-
tablished risk factors of medial calcification. The present retro-
spective cross-sectional observational study aimed to fill these
knowledge gaps.More specifically,we aimed to define the preva-
lence of BAC in CKD patients across stages of disease and to
assess the association with parameters of mineral metabolism
and inflammation. Furthermore,we explored the association be-
tween BAC and cardiovascular morbidity and mortality.

MATERIALS AND METHODS

Patient selection and data collection

Computer files of all women followed at the Division of Nephrol-
ogy, University Hospitals Leuven, were screened for availabil-
ity of mammography performed between 1 January 2006 and
1 January 2017 (Supplementary data, Figure S1). Since this cohort
study aimed to study the associationwith laboratory parameters
of mineral metabolism, only patients with parathyroid hormone
(PTH) measurement available within 1 year of the date of the
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mammography were eligible for inclusion. The date of the most
recent PTHmeasurement within this time frame was defined as
the index date. Patientswere categorized according to transplant
status [CKD vs. transplant (Tx) patients]. CKD patients were fur-
ther categorized according to CKD stage (CKD G1–3, CKD G4–5
and CKD G5D). Relevant clinical [age, body mass index (BMI),
smoking habits, comorbidity etc.] and laboratory data were re-
trieved from an automated (computerized) database. CVD was
defined by a history of myocardial infarction or ischemia, coro-
nary intervention, ischemic stroke or peripheral vascular dis-
ease. Patients with more than one data set available, separated
by a time interval exceeding 6 months and without a change
in transplant status within this period were enrolled in a lon-
gitudinal substudy that aimed at defining the natural history of
BAC and its correlates. The clinical and research activities being
reported are consistent with the principles of the Declaration
of Istanbul as outlined in the Declaration of Istanbul on Organ
Trafficking and Transplant Tourism. The studywas performed in
adherence with the Declaration of Helsinki and approved by the
Ethics Committee Research UZ/KU Leuven.

Biochemistry

Serum creatinine, calcium (Ca), phosphate (Phos), alkaline phos-
phatases, C-reactive protein, total cholesterol, high-density
lipoprotein (HDL) cholesterol and other parameters were deter-
mined by standard laboratory techniques. In dialysis patients,
only predialysis determinations were recorded. Serum concen-
trations of PTH were determined by a 1–84 PTH assay [14]. The
estimated glomerular filtration rate (eGFR) was calculated us-
ing the Chronic Kidney Disease Epidemiology Collaboration for-
mula.

Mammography

Left and right digitalmammograms (mediolateral oblique views)
were screened for BAC by visual inspection on standard 5
megapixel mammography monitors. BAC appears as thin, par-
allel, linear densities along the margins of blood vessels and
is easily distinguished from other ductal or parenchymal cal-
cifications, which appear as tiny solitary densities (size vary-
ing between 150 and 30 μm), most often organized in clusters
(Figure 1). Assessment was performed by two physicians (B.V.B.
and C.V.O.), blinded to patient characteristics. Inter reader corre-
lation, assessed on a random sample of 14 mammograms, was
0.91. The extent of BAC (i.e. the BAC score) was determined by
summation of the lengths of BAC (mm) in both left and right
mammograms, according to Trimboli et al. [15]. The change in
BAC score over time (i.e. the BAC rate) was expressed asmillime-
ters per year per breast. Patients were categorized according to
presence of BAC (BAC+ vs. BAC−).

Outcomes

Kidney transplant recipients (KTRs) were followed from the date
of the first mammography after transplantation until the first
cardiovascular event, death or end of follow-up (defined as the
date of the last visit prior to 25 March 2018). The primary end-
point was a major adverse cardiac event (MACE; coronary artery
bypass surgery, percutaneous intervention or myocardial in-
farction, and/or electrocardiogram changes), cerebrovascular ac-
cidents or peripheral arterial disease (PAD; claudication with
proven stenosis, vascular intervention) or cardiovascular death.
The time to the first event was analyzed.

FIGURE 1: Oblique view mammogram (with demarcated/measured calcified
vessels).

Statistics

Continuous parameters are expressed as mean ± standard de-
viation (SD) (in case of normality) or as median [interquartile
range (IQR)] (for nonnormal data). eGFR in CKD 5D (dialysis) pa-
tients was arbitrarily set at 5 mL/min/1.73 m2. Differences be-
tween two independent groups (BAC+ vs. BAC−) were analyzed
using the two-sample t-test (when test assumptions are fulfilled)
or Mann–Whitney U-test (nonparametric equivalent). To com-
pare three or more groups (CKD categories), analysis of variance
(ANOVA) (when test assumptions are fulfilled) or its nonpara-
metric equivalent Kruskal–Wallis was used. Fisher’s exact test
was used to compare two (independent) proportions; the exact
Pearson chi-squared test was used to test the association be-
tween categorical variables in case of more than two propor-
tions. Linear regression analyzes were performed to identify in-
dependent determinants of BAC score (changes) in CKD and Tx
patients. Variables presenting a skewed distribution were log-
transformed to test the selected prognostic factors of overall sur-
vival. Overall survival analysis was performed using the time
from the first mammography to the primary endpoint. Survival
curves were computed by the Kaplan–Meier method and com-
pared by the logrank test. Cox regression models were used for
multivariable survival analyses. SAS version 9.4 (SAS Institute,
Cary, NC, USA) was used for the statistical analysis. Two-sided
P-values <0.05 were considered statistically significant.

RESULTS

Determinants of the BAC score

Thefinal study cohort consisted of 310 females; 178 Tx recipients
and 132 CKD patients. Relevant clinical and laboratory parame-
ters are summarized in Table 1. The mean age was 58.8 ± 10.9
years (range 24–89). Twenty-four patients (7.7%) were treated
with a vitamin K antagonist (VKA).

With 108 patients having BAC, the overall prevalence of
BAC was 34.7%. BAC+ patients were characterized by signifi-
cantly older age, more CVD, higher pulse pressure and border-
line higher inflammation and prevalence of diabetes (Table 1).
The prevalence of BAC,moreover,was twice as high in VKAusers
compared with nonusers (66.7 vs. 32.2%; P = 0.0007).



298 B. Van Berkel et al.

Table 1. Cohort characteristics

Characteristics
Total

(N = 310)
BAC−

(N = 202)
BAC+

(N = 108) P-valuea

Age (years), mean ± SD 58.8 ± 10.9 56.6 ± 10.9 62.7 ± 9.6 <0.0001
BMI (kg/m²), mean ± SD 25.1 ± 6.2 (n = 307) 24.9 ± 5.6 25.5 ± 7.0 0.44
CKD/Tx (%) 43/57 39/61 49/51 0.09
(Ever) smoked (%) 19.4 19.9 18.4 0.87
DM (%) 26.8 23.3 33.3 0.06
CVD (%) 10.0 5.9 17.6 0.0023
VKA (%) 7.7 4.0 14.8 0.0007
CRP (mg/dL), median (IQR) 2.3 (1.0–8.0) (n = 259) 2.1 (1.0–6.3) 3.0 (1.1–11.6) 0.051
Alkaline phosphotase (U/L), median (IQR) 123 (71–203) (n = 284) 57 (45–70) 147 (73–230) 0.031
SBP (mmHg), mean ± SD 136.1 ± 21.5 (n = 264) 135.2 ± 19.6 137.8 ± 24.6 0.36
DBP (mmHg), mean ± SD 76.3 ± 13.4 (n = 264) 77.2 ± 12.1 74.7 ± 15.4 0.17
MAP (mmHg), mean ± SD 96.3 ± 14.3 (n = 264) 96.5 ± 12.9 95.7 ± 16.4 0.68
PP (mmHg), mean ± SD 59.8 ± 17.9 (n = 264) 57.9 ± 16.3 63.1 ± 20.1 0.032
BAC score (mm), median (IQR) 0 76.4 (18.1–231.3) NA

CRP: C-reactive protein; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; PP: pulse pressure.
aTwo-sample t-test or Wilcoxon rank sum test for continuous data or Fisher’s exact test for categorical data.

Table 2. Transplant patient characteristics

Characteristics
Tx

(N = 178)
BAC−

(N = 123)
BAC+

(N = 55) P-valuea

Age (years) 57.1 ± 9.0 56.3 ± 9.0 59.9 ± 8.3 0.014
BMI (kg/m²) 25.0 ± 5.7 24.9 ± 5.4 25.2 ± 6.3 0.85
DM (%) 32.0 28.7 40 0.1
CVD (%) 10.7 7.4 18.2 0.03
VKA (%) 6.2 4.9 9.1 0.3
SBP (mmHg) 138.2 ± 19.4 (n = 156) 136.2 ± 19.4 142.6 ± 18.9 0.054
DBP (mmHg) 77.9 ± 12.7 (n = 156) 77.5 ± 11.5 78.6 ± 14.9 0.64
MAP (mmHg) 98.0 ± 12.9 (n = 156) 97.1 ± 12.5 99.9 ± 13.6 0.193
PP (mmHg) 60.3 ± 17.4 (n = 156) 58.6 ± 16.2 63.9 ± 19.3 0.075
eGFR (mL/min/1.73 m²), median (IQR) 38.7 (26.2–51.2) 47.7 ± 18.1 46.4 ± 20.8 0.687
Ca++ (mg/dL) 9.7 ± 0.9 (n = 159) 9.8 ± 0.7 9.7 ± 0.5 0.981
Phosphorus (mg/dL) 3.2 ± 0.7 (n = 166) 3.1 ± 0.6 3.5 ± 0.7 0.0017
Alkaline phosphotase (IU/L), median (IQR) 110.0 (70.0–167.0) (n = 161) 105.0 (70.0–148.0) 120.5 (68.5–208.5) 0.191
PTH (ng/L), median (IQR) 47.5 (26.1–87.4) 48.2 (26.2–83.9) 46.9 (24.0–106.0) 0.857
CRP (mg/dL) 8.6 ± 22.6 (n = 140) 1.8 (1.0–5.3) 2.5 (1.0–5.8) 0.378
Total cholesterol (mg/dL) 184.5 ± 39.8 (n = 130) 184.8 ± 37.8 184.1 ± 43.6 0.920
HDL cholesterol (mg/dL) 64.6 ± 17.4 (n = 120) 64.2 ± 17.4 65.3 ± 17.7 0.721
Triglycerides (mg/dL), median (IQR) 122 (91–164) (n = 129) 130 (91–167) 119 (96–159) 0.578
BAC score (mm), median (IQR) 0 73.1 ([18.8–248.6) NA

Values are presented asmean ± SD unless stated otherwise. SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP:mean arterial pressure; PP: pulse pressure;

CRP: C-reactive protein; HDL: high-density lipoprotein.
aTwo-sample t-test, Wilcoxon rank sum test or Fisher’s exact test.

In the Tx subcohort, BAC+ patients (30.9%) were character-
ized by significantly older age, more CVD, higher serum phos-
phate and borderline higher pulse pressure (Table 2). In linear
regression analysis, older age and higher phosphatewere identi-
fied as independent determinants of BAC score (Supplementary
data, Table S1). Mammograms were obtained on average 5.6
years after transplantation.

In the CKD subcohort, BAC+ patients (47.7%) were character-
ized by significantly older age, higher blood pressure and more
CVD and were more often treated with a VKA (Table 3). In lin-
ear regression analysis, older age, history of CVD and treatment
with VKA were identified as independent determinants of BAC
score (Supplementary data, Table S2). The prevalence of BAC in-
creases with the progression of CKD was CKD G1–3, 27.0%; CKD
G4–5, 38.3%; CKD G5D, 52.1% (P = 0.02) by the Cochran–Armitage
trend test (Figure 2). Median BAC scores (for BAC+ patients) in

FIGURE 2: BAC prevalence according to CKD stage (Cochran–Armitage test for

trend).
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Table 3. CKD patients characteristics

Characteristics
CKD

(N = 132)
BAC−

(N = 79)
BAC+

(N = 53) P-valuea

Age (years) 60.5 ± 12.8 57.1 ± 13.3 65.6 ± 10.1 <0.0001
BMI (kg/m²) 25.3 ± 6.7 24.8 ± 6.0 25.9 ± 7.7 0.39
DM (%) 19.7 15.2 26.4 0.12
CVD (%) 9.1 3.8 17.0 0.013
VKA (%) 9.9 2.5 20.8 0.0006
SBP (mmHg) 133.1 ± 24.0 (n = 108) 133.5 ± 20.0 132.6 ± 29.0 0.86
DBP (mmHg) 74.1 ± 14.2 (n = 108) 76.8 ± 13.1 70.3 ± 14.8 0.02
MAP (mmHg) 93.8 ± 15.7 (n = 108) 95.7 ± 13.7 91.1 ± 18.1 0.15
PP (mmHg) 59.0 ± 18.8 (n = 108) 56.7 ± 16.6 62.3 ± 21.1 0.13
eGFRb(mL/min/1.73 m²), median (IQR) 16.5 (9.3–39.0) 17.1 (9.9–47.7) 15.1 (8.3–26.0) 0.32
Ca++ (mg/dL) 9.3 ± 0.8 (n = 128) 9.3 ± 0.6 9.4 ± 1.1 0.68
Phosphorus (mg/dL) 3.6 ± 1.0 (n = 128) 3.6 ± 1.0 3.6 ± 1.1 0.85
Alkaline phosphotase (IU/L), median (IQR) 145.0 (74.0–236.0) (n = 123) 123.0 (71.0–226.5) 168.0 (91.0–263.0) 0.12
PTH (ng/L), median (IQR) 68.8 (25.8–138.8) 59.8 (27.9–123.8) 85.8 (25.0–158.8) 0.30
CRP (mg/dL), median (IQR) 3.2 (1.0–11.4) (n = 119) 2.3 (1.0–7.6) 5.0 (1.5–12.4) 0.16
Total cholesterol (mg/dL) 174.5 ± 42.3 (n = 102) 178.3 ± 37.0 168.3 ± 49.6 0.28
HDL cholesterol (mg/dL) 61.0 ± 24.2 (n = 96) 64.8 ± 24.8 55.6 ± 22.6 0.068
Triglycerides (mg/dL), median (IQR) 118.0 (84.5–167.5) (n = 96) 108 (77–167) 124 (92–168) 0.30
BAC score (mm) (positive only) 0 81.2 (17.4–191.8) NA

Values are presented as mean ± SD unless stated otherwise. DM: diabetes mellitus; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial
pressure; PP: pulse pressure; CRP: C-reactive protein; HDL: high-density lipoprotein.
aTwo-sample t-test or Wilcoxon rank sum test for continuous data and Fisher’s exact test for categorical data. bbCKD-5D: eGFR arbitrarily set at 5 mL/min/1.73 m2.

Table 4. Longitudinal substudy characteristics (n = 88)

Characteristics
All

(N = 88)
Nonprogressors

(N = 60)
Progressors
(N = 28) P-valuea

Age (years) 57.4 ± 8.5 56.0 ± 7.4 60.6 ± 10.0 0.017
BMI (kg/m²) 24.6 ± 5.8 24.1 ± 5.1 25.5 ± 7.0 0.35
DM (%) 27.3 23.3 35.7 0.30
CVD (%) 10.2 8.3 14.3 0.46
VKA (%) 10.2 5.0 21.4 0.02
SBP (mmHg) 134.3 ± 19.0 (n = 72) 135.2 ± 19.0 132.4 ± 19.4 0.57
DBP (mmHg) 75.9 ± 12.4 (n = 72) 76.8 ± 10.9 74.1 ± 15.1 0.45
eGFR (mL/min/1.73 m²) 44.3 (25.8–54.8) 48.2 (32.5–58.2) 34.1 (10.1–45.5) 0.0019
Ca++ (mg/dL) 9.6 ± 0.8 (n = 80) 9.7 ± 0.7 9.4 ± 0.8 0.15
Phosphorus (mg/dL) 3.3 ± 0.8 (n = 84) 3.2 ± 0.7 3.4 ± 1.0 0.33
PTH (ng/L) 40.5 (23.6–71.5) 36.6 (18.9–67.4) 43.4 (26.2–132.7) 0.31
CRP (mg/dL) 2.6 (1.0–11.5) (n = 68) 2.1 (0.9–6.5) 5.8 (2.1–23.1) 0.021
Total cholesterol (mg/dL) 180.4 ± 41.2 (n = 61) 188.4 ± 38.3 167.1 ± 43.1 0.049
HDL cholesterol (mg/dL) 64.9 ± 20.0 (n = 53) 65.6 ± 20.2 63.9 ± 20.1 0.77
Triglycerides (mg/dL) 137.0 (103.0–167.0) (n = 53) 150.0 (103.0–173.0) 123.5 (88.0–150.0) 0.29
BAC score (mm) (gain only) 0 63.2 (15.1–227.3) <0.001

Values are presented as mean ± SD unless stated otherwise. DM: diabetes mellitus; SBP: systolic blood pressure; DBP: diastolic blood pressure; CRP: C-reactive protein;
HDL: high-density lipoprotein.
aTwo-sample t-test or Wilcoxon rank sum test for continuous variables and Fisher’s exact test for categorical variables.

these groups were 37.1 mm (IQR 10.8–81.2), 56.2 (IQR 4.9–131.6)
and 166.1 (IQR 24.0–327.1), respectively (P = 0.05).

Determinants of BAC progression

In a subset of 88 patients (Tx, n = 74; CKD G5D, n = 14), a repeat
mammography was performed as part of routine practice after
a mean interval of 3.5 ± 2.2 years (Table 4). The mean annual-
ized BAC rate was 1.2 ± 0.4 mm in the overall cohort (n = 88)
and 6.6 ± 2.2 mm after exclusion of 54 patients free of BAC both
at baseline and follow-up. The mean annualized BAC rate was
significantly lower in Tx patients as compared with CKD G5D
patients (1.0 ± 0.4 vs. 2.2 ± 1.2 mm; P = 0.02, overall cohort).
This significance was lost when patients free of BAC at baseline
and follow-up were excluded (6.6 vs. 7.8 mm/year/breast, mean
TX, vs. CKD G5D). Lacking data on the least significant change,

patients with increasing BAC scores were arbitrarily defined as
‘progressors’. A total of 25% and 36% of Tx and CKD patients,
respectively, were classified as progressors (P = 0.005). In the
overall cohort (n = 88), progressors were characterized by older
age,more inflammation,worse kidney function andhigher base-
line BAC score and were more often treated with a VKA. In the
Tx subcohort (n = 74), progressors were characterized by lower
eGFR, higher serum phosphate, higher baseline BAC score and
more diabetes.

BAC and major cardiovascular outcome
after kidney transplantation

The association between BAC and outcomes was investigated
in the subset of KTRs. Thirty-five KTRs (18.5%) died during
follow-up (median 5 years); causes of death were as follows:
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FIGURE 3: Kaplan–Meier survival curve in kidney transplant recipients with

MACE as the composite endpoint.

cardiovascular, n = 7; infectious, n = 9; malignant disease, n = 7;
miscellaneous or unknown, n = 12. MACEs occurred in 30 pa-
tients (fatal cardiovascular event, n = 6; nonfatal cardiac event,
n= 15; nonfatal cerebrovascular event,n= 9, 1 prior to a fatal car-
diovascular event). Patients who reached the primary endpoint
during follow-up were significantly older, had a more frequent
history of CVD, had higher levels of phosphate and had a higher
BAC score (Supplementary data, Table S2). MACE-free survival
was significantly worse in Tx patients with BAC [log rank 0.0036,
HR 2.9 (IQR 1.42–5.96)] (Figure 3). In a backward or forward se-
lection procedure, with age, blood pressure, history of CVD, di-
abetes, alkaline phosphatase, eGFR and BAC, the final Cox re-
gression model retained BAC as the only significant predictor of
MACEs.

In univariate logistic regression (such a model does not take
into account the time to event), the traditional risk factors (age,
diabetes, CVD, blood pressure and eGFR) failed to associate with
MACEs, contrary to BAC (P = 0.0047) and alkaline phosphatase
(P = 0.036). A (backward/forward) logistic regression model for
MACEs using the same covariates resulted in a model with
BAC [odds ratio (OR 2.50 (IQR 1.07–5.84); P = 0.034] and alkaline
phosphatase [OR 1.035 (IQR 1.003–1.068) for a 10-unit change;
P = 0.034] as significant predictors for MACEs.

DISCUSSION

The main findings of the present observational study are as fol-
lows: BAC is common in CKD patients and KTRs, hyperphos-
phatemia is a (nontraditional) risk factor for BAC in KTRs and
BAC associates with dismal cardiovascular outcomes in KTRs.

BAC prevalence is well known to vary widely depending on
the population’s age and comorbidities. Literature data show
BAC prevalence ranging from 10–12% in healthier population-
based cohort studies [11, 16, 17] to 60–70% among women
>70 years of age [18] or with CKD [9, 19]. In the present cohort
of CKD patients, the overall prevalence of BAC was 34.7%. This
prevalence is twice as high as reported in age-matched healthy
controls [18]. Patients with BAC were characterized by signifi-
cantly older age,more CVD,higher pulse pressure and borderline
more inflammation and higher prevalence of diabetes. These
findings are sound from a pathophysiological perspective and
align with data from the general population [10, 16, 18, 20]. The
higher pulse pressure in patients with BAC most probably is a
reflection of increased arterial stiffness, commonly observed in
patients with medial arterial calcification [3]. In line with previ-
ous reports [21], we also identified VKA usage as an independent

determinant of BAC. This association of VKA usage with medial
arterial calcification is consistent with inhibition of matrix Gla
protein (MGP), a vitaminK–dependent inhibitor of VC that is syn-
thesized by vascular smooth muscle cells [22, 23].

In the subcohort of patients with CKD G2–5D, BAC prevalence
increased parallel to the severity of kidney dysfunction (from 27
to 52%). This finding aligns with literature data [9, 19] and con-
firms thatmedial calcification at least partly accounts for the in-
creased VC burden in CKD [1]. The BAC score was >3-fold higher
in dialysis patients as compared with patients with earlier-stage
CKD, consistent with the notion that advanced CKD, and espe-
cially dialysis, is a catalyzer of medial calcification [24–26]. The
prevalence of BAC in CKD G5D patients (52%) was slightly lower
than previously reported in similar cohorts [8, 9, 27, 28]. Most
probably, differences in measurement techniques, with digital
mammography being more accurate than plain mammography,
and case mix account for the variability.

BAC prevalence in KTRs was 30.9%, which is substantially
lower than the prevalence observed in patients with CKD G5D.
This should not come as a surprise, as kidney Tx patients are
younger and among the fittest of patients with end-stage kidney
disease. KTRs with BAC were characterized by older age, more
CVD and higher serum phosphate as compared with counter-
parts without BAC. In linear regression analysis, older age and
higher phosphate were identified as independent determinants
of BAC score.

In a subset of patients we were able to assess the natural his-
tory of BAC. The median annualized change of BAC amounted
to 2.2 mm per breast in CKD 5D patients, which is significantly
higher than 1.0 mm per breast in KTRs. A higher proportion of
CKD 5D patients as compared with KTRs showed progression.
This finding aligns with recent data by Alappan et al. [29], show-
ing a slowing of the progression of BAC in KTRs. Of note, pro-
gression rates differ among cohorts, most probably reflecting
casemix and analytical issues. Since the assumption of linearity
of progression of BAC is unproven, we preferred, as opposed to
Alappan et al., not to exclude patients free of calcification on the
first mammogram.

Among KTRs, progressors were characterized by poorer graft
function, higher serum phosphate, higher baseline BAC score at
baseline and more diabetes. This finding confirms and extends
data from the Brussels Renal Transplant Cohort study [30]. In the
latter study, the natural history and determinants of aorta and
coronary artery calcifications were studied in prevalent KTRs
by means of multislice spiral computed tomography. Baseline
VC and serum phosphate were identified as independent deter-
minants of VC progression. Individuals without VC at baseline
rarely showed progression. The decisive impact of baseline VC
on progression in present and previous studies supports the the-
sis that VC might itself induce further inflammation and calcifi-
cation in a positive feedback loop [31, 32]. The observation of an
independent association between serum phosphate levels and
progression of VC is consistent with current notions of the bio-
logical roles of a disturbed phosphate metabolism in the patho-
genesis of VC [33].

In the overall cohort, progressors were more often treated
with a VKA and were characterized by more inflammation. The
latter finding confirms the previously described relationship
between VC and markers of inflammation in CKD patients
[34, 35] as well as in the general population [36] and in dia-
betics [37]. Underlying pathophysiological mechanisms are
complex and multiple. Inflammatory cytokines can promote
vascular smooth muscle cell calcification [38], in part through
activation of Msx2-Wnt/β-catenin signalling [39]. Moreover,
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inflammatory cytokines may promote the process of
endothelial–mesenchymal transition, leading to osteogenic
gene expression and cytokine production by endothelial cells
[40]. Finally, inflammation may repress the important calcifica-
tion inhibitor fetuin-A [41].

In KTRs, BAC was identified as a predictor of MACEs, defined
as the composite of nonfatal cardiovascular, cerebrovascular
and fatal cardiovascular events. Of note, traditional risk factors
failed to associatewithMACEs, even in univariate logistic regres-
sion analysis. BAC most probably is a more robust risk marker,
as it integrates/recapitulates various traditional and nontradi-
tional cardiovascular risk factors such as older age, higher blood
pressure and inflammation. The identification of VC as an in-
dependent predictor of dismal cardiovascular outcome in the
present study aligns with data from a comparable study in 281
prevalent KTRs showing a strong association between coronary
artery calcification and cardiovascular outcomes [42]. Also in the
general population, BAC predicts CV outcomes better than tra-
ditional risk factors.

Besides BAC, alkaline phosphatase was identified as an inde-
pendent predictor of MACEs in logistic regression analysis. The
latter observation confirms and extends data from previous co-
hort studies linking elevated alkaline phosphatase levels to in-
creased residual cardiovascular risk [43] and mortality [44].

This study presents significant strengths.These include a rel-
atively large sample size, availability of laboratory parameters
of mineral metabolism and inflammation, and serial mammo-
grams and outcomes in a substantial subset of patients. Finally,
we used full-field digital mammography to evaluate the calci-
fications. This technique is superior to screen-film mammog-
raphy because of its better resolution and possibility to adjust
contrast.

In conclusion, BAC is common among CKD patients, pro-
gresses at a slower pace in KTRs as compared with CKD G5D and
associates with dismal (cardiovascular) outcomes. BAC score,
kidney function and serumphosphate at baseline seem to be im-
portant determinants of progression. Measurement of BAC may
offer a personalized, noninvasive approach to risk-stratify CKD
patients for CVD at no additional cost or radiation since a ma-
jority of women >40 years of age undergo regular breast cancer
screening.
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