Nephrol Dial Transplant (2018) 1-9
doi: 10.1093/ndt/gfy352

ndt

Nephrology Dialysis Transplantation

Inverse J-shaped relation between coronary arterial calcium
density and mortality in advanced chronic kidney disease

Hideyuki Mukai®, Lu Dai', Zhimin Chen’, Bengt Lindholm', Jonaz Ripswedenz, Torkel B. Brismar?,
Olof Heimbiirger', Peter Barany', Abdul Rashid Qureshi', Magnus Soderberg®, Magnus Bick* and

Peter Stenvinkel*

'Division of Renal Medicine and Baxter Novum, Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Campus

Flemingsberg, Stockholm, Sweden, *Division of Medical Imaging and Technology, Department of Clinical Science, Intervention and Technology,

Karolinska Institutet, Campus Flemingsberg, Stockholm, Sweden, 3Department of Pathology, Drug Safety and Metabolism, AstraZeneca,

Molndal, Sweden and 4Department of Cardiology, Karolinska University Hospital, Stockholm, Sweden

Correspondence and offprint requests to: Peter Stenvinkel; E-mail: peter.stenvinkel@ki.se

ABSTRACT

Background. The coronary artery calcium (CAC) score from
cardiac computed tomography (CT) is a composite of CAC vol-
ume and CAC density. In the general population, CAC volume
is positively and CAC density inversely associated with cardio-
vascular disease (CVD) events, implying that decreased CAC
density reflects atherosclerotic plaque instability. We analysed
associations of CAC indices with mortality risk in patients with
end-stage renal disease [chronic kidney disease Stage 5
(CKD5)].

Methods. In 296 CKD5 patients undergoing cardiac CT (median
age 55years, 67% male, 19% diabetes, 133 dialysed), the
Framingham risk score (FRS), presence of CVD and protein-
energy wasting (PEW; subjective global assessment) and high-
sensitivity C-reactive protein (hsCRP) and interleukin-6 (IL-6)
were determined at baseline. During follow-up for a median of
35months, 51 patients died and 75 patients underwent renal
transplantation. All-cause mortality risk was analysed with
competing-risk regression models. Vascular calcification was ana-
lysed in biopsies of the arteria epigastrica inferior in 111 patients.
Results. Patients in the middle tertile of CAC density had the
highest CAC score, CAC volume, age, CVD, PEW, FRS, hsCRP
and IL-6. In competing risk analysis, the middle {subhazard ra-
tio [sHR] 10.7 [95% confidence interval (CI) 2.0-57.3]} and
high [sHR 8.9 (95% CI 1.5-51.8)] tertiles of CAC density associ-
ated with increased mortality, independent of CAC volume.
The high tertile of CAC volume, independent of CAC density,
associated with increased mortality [sHR 8.9 (95% CI 1.5-
51.8)]. Arterial media calcification was prominent and associ-
ated with CAC volume and CAC density.

Conclusions. In CKD5, mortality increased linearly with higher
CAC score and CAC volume whereas for CAC density an in-
verse J-shaped pattern was observed, with the crude mortality
rate being highest for the middle tertile of CAC density. CAC

volume and CAC density were associated with the extent of ar-
terial media calcification.

Keywords: chronic kidney disease, coronary artery calcium
density, coronary artery calcium score, coronary artery cal-
cium volume, mortality risk
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An author video to accompany this article is available at:
https://academic.oup.com/ndt/pages/author_videos.

INTRODUCTION

The Agatston coronary artery calcium (CAC) score [1] is an in-
dependent risk predictor in the general population and in
chronic kidney disease (CKD) patients [2-6]. It adds to the
Framingham risk score (FRS) for cardiovascular disease (CVD)
and improves risk stratification in the general population [7, 8]
and in CKD [9]. However, the contribution of the two compo-
nents of the CAC score, i.e. CAC volume and CAC density for
risk prediction, is unclear in CKD.

Less calcified plaques may increase the risk of ruptures, leading
to acute thrombosis and acute coronary syndromes [10-14], and
outpatients with calcified plaques had a lower risk of coronary
events compared with those without calcified plaques [15]. In the
general population, CAC volume was positively and CAC density
negatively associated with CVD events [8] across all levels of CAC
volume and across multiple strata of other risk variables [16].

Patients with CKD are at high risk of both media and intima
calcification. Media calcification (arteriosclerosis) is especially
common in CKD and associates with arterial stiffness, hyperten-
sion, ventricular hypertrophy, poor cardiac perfusion and mortal-
ity [17, 18], while intima calcification (representing
atherosclerosis with development of plaques) is the predominant
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form of calcification in the general population [17-20]. Recently
Bellasi et al. [21] reported that increased plaque density was an
independent predictor of increased all-cause mortality in haemo-
dialysis (HD) patients, suggesting that high-density CAC does
not reflect atherosclerotic stabilization in the uraemic milieu.

However, the association between CAC density and clinical
outcome has not been studied in other CKD cohorts. Moreover,
the correlation between CAC and the extent of media calcification
in arterial biopsies has not been studied. We investigated the asso-
ciation of CAC density with all-cause mortality in models that con-
comitantly included CAC density and CAC volume in carefully
phenotyped CKD patients. Furthermore, in a subset of 111
patients we investigated the relation between the extent of media
calcification in arterial biopsies and CAC score, volume and
density.

MATERIALS AND METHODS

We analysed CAC scores obtained by cardiac computed tomog-
raphy (CT) in 296 clinically stable chronic kidney disease Stage
5 (CKD5) patients, including 163 non-dialysed (CKD5-ND)
patients and 133 dialysed (CKD5-D) patients undergoing peri-
toneal dialysis (PD; n=92) or HD (n=41). The patients (ages
19-87 years) were enrolled in ongoing cohort studies described
below. Exclusion criteria were age <18 years, signs of overt clin-
ical infection and unwillingness to participate. All patients were
followed until renal transplantation or death or until complet-
ing 60 months of follow-up. None of the patients were lost to
follow-up. The Ethics Committee of the Karolinska Institutet at
Campus Flemingsberg, Stockholm, Sweden, approved study
protocols. Studies adhered to the Declaration of Helsinki.
Informed written consent was obtained from each participant.

CKD5-ND patients (n = 163) were recruited from an ongo-
ing prospective cohort study of patients investigated close to
initiation of dialysis [22] and from an ongoing study on vascu-
lar changes in CKD5 patients investigated in conjunction with
living donor renal transplantation [23]. The a etiologies of CKD
were chronic glomerulonephritis (1 = 50), hypertension and re-
novascular disease (n = 21), diabetic nephropathy (n =22) and
others or unknown causes (n=70). Their median estimated
glomerular filtration rate (according to the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation) was
6.0 (10th-90th percentile 4.2-10.0) mL/min/1.73 m>.

CKD5-D patients (n = 133) were recruited from two cross-
sectional studies with follow-up that aimed at evaluating varia-
tion in inflammatory markers in prevalent PD [24] and HD
patients [23]. The median duration of preceding dialysis (‘dialy-
sis vintage’) of PD patients was 11.5months. PD patients re-
ceived biocompatible glucose-based or amino acid-based
solutions or, for long dwells, icodextrin-based solutions. The
causes of CKD were chronic glomerulonephritis (n = 17), hyper-
tension and renovascular disease (n=5), diabetic nephropathy
(n=11) and others or unknown causes (n =59). The median
dialysis vintage of HD patients was 13.2months. They were
treated by conventional maintenance HD. The causes of CKD
were chronic glomerulonephritis (n = 15), hypertension and re-
novascular disease (n=4), diabetic nephropathy (n=1) and
others or unknown causes (1 = 21). Supplementary data, Table

S1 shows the clinical and laboratory characteristics of patients
undergoing conservative treatment and dialysis therapies.

Coronary artery calcification imaging and
quantification

All patients underwent a non-contrast multidetector cardiac
CT (LightSpeed VCT or Revolution CT; GE Healthcare,
Milwaukee, WI, USA) with standard electrocardiogram-gated
protocol to determine the Agatston score and CAC volume
score. We used a semi-automatic software (syngo.via CT
CaScoring, Siemens Healthcare, Forchheim, Germany). CAC
was assessed as a lesion with an area >1 mm” and peak inten-
sity >130 Hounsfield units (HU) based on the Agatston
method and expressed in Agatston units (AU) [1]. The
Agatston scoring method for CAC measures each discrete pla-
que area (mm?). The discrete plaque area is multiplied by 1, 2, 3
or 4, depending on the highest density in the plaque. Plaques
with a maximum density of 130-199 HU are multiplied by 1,
those with 200-299 HU by 2, those with 300-399 HU by 3 and
those with >400 HU by 4. These plaque-specific scores are
summed for all slices of the heart to give the Agatston score.
The Agatston score of each coronary artery was summed to de-
termine the CAC score (total Agatston score). We calculated
the area score (mm?) by dividing the CAC volume score (mm”)
by slice thickness (2.5 mm). Then the CAC density score (score
1-4) was calculated as the CAC score (total Agatston score) di-
vided by the area score, representing the average calcified lesion
density for all CT slices [8]. Typical axial CT images are shown
in Supplementary data, Figure S1A and S1B.

Histological assessment of arterial media calcification

The extent of media calcification was assessed by a patholo-
gist in vascular biopsies obtained from the inferior epigastric ar-
tery in 111 CKD5 patients [23] (see Supplementary text).

Biochemical assessments

Blood biochemistry including high-sensitivity C-reactive
protein (hsCRP) was analysed by routine methods. Interleukin-6
(IL-6) was analysed using commercial kits (see Supplementary
text).

Clinical assessments

CVD was defined based on clinical history or signs of ischae-
mic cardiac disease and/or the presence of peripheral vascular
disease and/or cerebrovascular disease. According to the subjec-
tive global assessment (SGA) score, patients were classified as
well-nourished (SGA = 1) or as having mild (SGA = 2), moder-
ate (SGA = 3) or severe (SGA =4) malnutrition [25]. For sim-
plicity, patients were combined into two groups: malnourished
(SGA>1) and well-nourished (SGA=1). Handgrip strength
(HGS) was evaluated in the non-fistula arm using a Harpenden
dynamometer (Yamar, Jackson, MI, USA) and repeated three
times, and the greatest value was recorded and expressed in kilo-
grams. HGS was expressed as the percentage of healthy individu-
als, considering the differences between the sexes, when included
in the statistical analyses. Body mass index (BMI) was calculated
as weight in kilograms divided by the square of height in metres.
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Framingham CVD risk score

The Framingham CVD risk score (FRS), an estimate of 10-
year risk of developing CVD, was calculated from sex- and age-
stratified tables with scores for systolic blood pressure (SBP), di-
abetes, anti-hypertensive medication, total cholesterol, high-
density lipoprotein (HDL) cholesterol and smoking status [26].

Statistical analyses

Data are expressed as median (10th-90th percentile) or per-
centage, as appropriate. Statistical significance was set at the
level of P < 0.05. Comparisons between groups were assessed
with the non-parametric Kruskal-Wallis test for continuous
variables and chi-square test for nominal variables. Non-
parametric Spearman rank correlation analysis was used to de-
termine associations between variables. Tukey’s multiple com-
parison analysis method was used to test each tertile of CAC
volume and CAC density against patients with a CAC score of
0. We performed multinomial logistic regression analysis to ex-
amine factors associated with CAC density. The patients were
followed from the inclusion date until renal transplantation or
death or completing 60 months of follow-up. Causes of death
were established by the death certificate issued by the attending
physician. We used competing-risk regression models with
transplantation as a competing risk to establish cumulative inci-
dence curves [27]. Risk estimates for patients with a CAC score
>0 were expressed as subhazard ratios (sHRs) for each tertile of
the CAC score, CAC volume and CAC density, with patients
with a CAC score of 0 serving as the reference. We used Fine
and Gray models and these were adjusted for confounders [28].
Statistical analyses were performed using SAS version 9.4 (SAS
Institute, Cary, NC, USA) and Stata 15.1 (StataCorp, College
Station, TX, USA).

RESULTS

Of the 296 CKD5 patients [median age 55 years, males 67%,
CVD 22%, diabetes mellitus (DM) 19% and PEW (SGA >1)
34%] in the present study, 89 patients (30%) had a CAC score
of 0 and 207 patients (70%) had a CAC score >0. The patients
with a CAC score >0 had a median CAC score of 508 AU, me-
dian CAC volume of 416 mm® and median CAC density score
of 3.17. Clinical and biochemical characteristics of patients with
a CAC score of 0 and according to tertiles of CAC density and
CAC volume among the patients with a CAC score >0 are
shown in Tables 1 and 2.

CAC density

Patients in the middle CAC density tertile had a higher CAC
score and CAC volume; were older; had a higher prevalence of
CVD, DM and PEW (SGA >1); had lower HDL and had higher
BMLI, ERS, hsCRP and IL-6 levels than the patients in other ter-
tiles (Table 1).

CAC volume

Patients in the high CAC volume tertile had a higher CAC
score; were older; had a higher prevalence of DM, CVD and
PEW; had higher FRS, hsCRP, IL-6 and had lower HGS as com-
pared with the other tertiles (Table 2). Statin usage was more

CAC density and mortality in CKD

frequent in the high CAC volume tertile than in the other
tertiles.

Univariate associations between CAC measurements
and risk markers

The CAC score and CAC volume were significantly associ-
ated with almost all investigated CVD risk markers, including
FRS and markers of inflammation and PEW, whereas CAC
density was significantly associated with age, male sex and
PEW (Supplementary data, Text S1).

Multivariate analysis of factors associated with CAC
density

In multivariate logistic regression analysis of factors associ-
ated with CAC density (Table 3) (low CAC density tertile = ref-
erence), only the middle tertile was associated with CVD
(P =10.002) while both the high and middles tertiles were asso-
ciated with PEW (P = 0.03).

Crude mortality rate/1000 person-years for all-cause
death

For patients with a CAC score of 0, the crude mortality rate/
1000 person-years for all-cause death during the observation
period was 7.6 [95% confidence interval (CI) 1.9-30.4]
(Figure 1).

Total CAC score. Crude mortality rate in the low tertile was
16.2 (95% CI 5.2-50.4), middle tertile 78.8 (95% CI 47.5-130.7)
and high tertile 145.1 (95% CI 102.1-206.4) (Figure 1A).

CAC volume. Crude mortality rate in the low tertile was
16.3 (95% CI 5.2-50.4), middle tertile 77.8 (95% CI 46.9-129.1)
and high tertile 146.6 (95% CI 103.1-208.4) (Figure 1B).

CAC density. Crude mortality rate in the low tertile was
44.1 (95% CI 22.1-88.2), middle tertile 122.6 (95% CI 83.4-
180.0) and high tertile 76.9 (95% CI 46.3-127.5) (Figure 1C).

Multivariate competing risk analysis for all-cause
mortality

During follow-up for a median of 35months, 51 (17%) of
296 patients died and 75 (25%) patients underwent renal trans-
plantation. Multivariate competing risk analysis for all-cause
mortality taking renal transplantation into account and with
patients with a CAC score of 0 serving as the reference group
showed a different risk profile for CAC density as compared
with total CAC score and CAC volume (Figure 2A-D).

Total CAC score. After adjustments for confounders, the
high CAC score tertile associated with sHR = 8.4; 95% CI (1.6-
44.0), middle tertile with sHR = 3.8; 95% CI (0.7-19.8) and low
tertile with sHR = 2.0; 95% CI (0.3-12.3) (Figure 2A).

CAC volume. After adjustments for confounders and CAC
density, the high CAC volume tertile associated with sHR = 8.9
(95% CI 1.5-51.8), the middle tertile with sHR = 3.9 (95% CI
0.7-20.9) and the low tertile with sHR =2.5 (95% CI 0.4-16.0)
(Figure 2B).

CAC density. After adjustments for confounders and CAC
volume, the high CAC density tertile had sHR=8.9 (95% CI
1.5-51.8), the middle tertile had sHR = 10.7 (95% CI 2.0-57.3)

6102 UoIBIN 61 U0 1s8Nb Aq $19622S/2GEABAPU/EE0L 0 1/10P/0BISGE-B|ILE-80UBADE/PU/WODdNO"DISPESE//:SARY WO} POPEOJUMOQ


https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfy352#supplementary-data

Table 1. Baseline clinical and biochemical characteristics in 296 CKD5 patients in relation to CAC density

CAC density
Demographic and clinical characteristics CAC score=0 Low tertile Middle tertile High tertile P-value
(n=289) (n=68) (n=69) (n=70)
Age (years) 33 (22-62) 55 (40-73)* 63 (48-77)* 60 (43-75)* <0.001
Males, n (%) 54 (61) 52 (76) 52 (75) 41 (29) 0.03
Diabetes mellitus, 7 (%) 5(6) 16 (24)* 21 (30)* 15 (21)* <0.001
Cardiovascular disease®, n (%) 8(9) 10 (15) 30 (43)* 17 (24)* <0.001
Current smoker, 1 (%) 2(2) 7 (10) 7 (10) 6(9) 0.10
Systolic blood pressure (mmHg) 142 (117-166) 144 (119-177) 140 (112-179) 147 (118-180) 0.26
Framingham CVD risk score (%) 3.7 (0.8-15.8) 15.7 (4.9-47.1)* 24.6 (7.1-52.2)* 17.4 (4.6-57.3)* <0.001
Nutritional status
PEW (SGA>1), n (%) 33 (38) 13 (20) 28 (41) 26 (38) 0.03
Body mass index (kg/m?) 23.2 (19.7-28.8) 25.4 (21.0-30.2)* 25.1 (21.2-31.4)* 24.9 (20.3-30.9) <0.001
HGS® (%) 98 (61-120) 81 (56-114) 81 (52-103)* 81 (58-112) <0.001
Laboratory values
Haemoglobin (g/L) 109 (94-130) 112 (87-133) 114 (99-131) 113 (99-129) 0.09
Albumin (g/L) 35 (28-40) 33 (26-40) 33 (26-38) 33 (28-38) 0.19
Triglyceride (mmol/L) 1.3 (0.8-2.8) 1.6 (0.8-2.8) 1.5 (0.7-2.9) .6 (1.0-2.7) 0.41
Total cholesterol (mmol/L) 4.5 (3.4-5.9) 4.4 (3.0-6.2) 4.4 (3.0-6.6) 4 7 (3.2-6.3) 0.59
HDL cholesterol (mmol/L) 1.3 (0.9-1.9) 1.3 (0.7-2.0) 1.2 (0.9-2.0) 1.2 (0.8-2.2) 0.45
LDL cholesterol (mmol/L) 2.4 (1.3-3.9) 2.4 (1.1-3.7) 2.2 (1.3-4.1) 2.5 (1.4-4.0) 0.69
Calcium (mmol/L) 2.3 (2.0-2.5) 2.3 (2.0-2.6) 2.3 (2.0-2.5) 2.3 (2.1-2.5) 0.92
Phosphate (mmol/L) 1.7 (1.0-2.4) 1.8 (1.2-2.4) 1.7 (1.3-2.4) 1.8 (1.2-2.5) 0.52
Intact PTH (ng/L) 226 (103-546) 273 (49-730) 320 (94-618) 255 (69-555) 0.26
hsCRP (mg/L) 0.8 (0.2-9.8) 1.3 (0.3-12.0) 2.4 (0.6-17.4) 2.4 (0.6-10.4) <0.001
IL-6 (pg/mL; n = 200) 1.7 (0.05-8.3) 3.3 (0.2-13.0) 5.1 (1.6-13.9)* 4.5 (0.6-14.8)* <0.001
Medications, 1 (%)
B-blockers 42 (47) 51 (75)* 50 (72)* 46 (66) <0.001
Calcium channel blocker 47 (53) 32 (47) 36 (53) 36 (51) 0.89
ACEi/ARB 58 (65) 42 (62) 39 (57) 54 (77) 0.06
Statins 24 (27) 29 (43) 35 (51)* 25 (36) 0.02
CAC
CAC score (AU) 0 123 (3-1, 882)* 1189 (113-3, 889)* 392 (13-2, 869)* <0.001
CAC volume (mm3) 0 104 (3-1, 660)* 936 (90-3, 016)* 282 (9-2, 196)* <0.001

CAC density score (range)

1.21-3.09

3.09-3.24

3.24-4.00

Values are presented as median (10th-90th percentile) unless stated otherwise. Range is given as minimum and maximum values.
“Defined as clinical history or signs of ischaemic cardiac disease and/or the presence of peripheral vascular disease and/or cerebrovascular disease.
PHGS is defined as the percentage of values for healthy individuals.
*P < 0.01 compared with the patients with a CAC score of 0.

LDL, low-density lipoprotein [LDL is calculated based on the Friedewald formula: (total cholesterol) - (HDL cholesterol) - (triglycerides/2.2)]; HDL, high-density lipoprotein; PTH,
parathyroid hormone; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker.

and the low tertile had sHR=5.0 (95% CI 0.8-29.9)
(Figure 2C).

As a sensitivity test, we repeated the analysis for CAC density
for subjects with inflammation, defined as hsCRP >1.5mg/L
(n=142). The cumulative incidence curve in this group, after
adjustments for CAC volume and other confounders, showed
the highest mortality risk for the high tertile of CAC density
[sHR=5.6 (95% CI 0.8-36.7), P = 0.08] compared with the ref-
erence group (CAC score = 0) (Figure 2D).

Furthermore, we repeated the analyses after excluding
patients with CAC score = 0; now with patients in the low ter-
tile serving as the reference (Supplementary data, Figure S3).
While cumulative incidence curves showed the highest mortal-
ity risk for the highest tertiles of CAC score (after adjusting for
confounders; Supplementary data, Figure S3A) and CAC vol-
ume (after adjusting for CAC density + confounders;
Supplementary data, Figure S3B), for CAC density the highest
mortality was instead seen (Supplementary data, Figure S3C)
for the middle tertile [sHR = 2.25 (95% CI 0.95-5.36);
P =10.06].

Association between medial vascular calcification and
CAC

In a subgroup of 111 CKD5 patients undergoing living do-
nor renal transplantation, vascular biopsies were obtained from
the inferior epigastric artery and scored by a pathologist (MS).
Both CAC volume (y*=172, P<0.001) and CAC density
(x> =177, P <0.001) were linearly associated to the degree of
medial arterial calcification (histological score 0-3) (Figure 3).
Some calcification was occasionally observed in the intima, but
as the extent was minimal in comparison with the media, it was
not scored separately.

DISCUSSION

In CKD5 patients undergoing CAC scoring by cardiac CT, the
mortality rate increased linearly with increasing total CAC
score and CAC volume. In contrast, the relationship between
CAC density and mortality had an inverse J-shaped form with
the middle CAC density tertile being associated with the highest
mortality. Indeed, patients within the middle CAC density
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Table 2. Baseline clinical and biochemical characteristics in 296 CKD?5 in relation to CAC volume

CAC volume
Demographic and clinical characteristics CAC score =0 Low tertile Middle tertile High tertile P-value
(n=289) (n=68) (n=69) (n=70)
Age (years) 33 (22-62) 51 (38-69)* 59 (47-75)* 67 (51-79)* <0.001
Males, n (%) 54 (61) 44 (65) 42 (61) 59 (84)* 0.004
Diabetes mellitus, n (%) 5(6) 6(9) 20 (29)* 26 (37)* <0.001
Cardiovascular disease®, 1 (%) 8(9) 6(9) 17 (25) 34 (49)* <0.001
Current smoker, n (%) 2(2) 3(4) 10 (14)* 7 (10) 0.02
Systolic blood pressure (mmHg) 142 (117-166) 144 (122-171) 149 (125-181) 140 (112-176) 0.06
Framingham CVD risk score (%) 3.7 (0.8-15.8) 10.3 (3.5-25.3) 23.8 (6.4-58.8)* 28.2 (10.7-56.1)* <0.001
Nutritional status
PEW (SGA>1), n (%) 33 (38) 2 (18)* 25 (37) 30 (43) 0.009
Body mass index (kg/m?) 23.2 (19.7-28.8) 25.1 (21.0-30.7)* 25.3 (20.8-30.3) 25.2 (20.6-31.4)* <0.001
HGS? (%) 98 (61-120) 89 (66-123) 81 (53-107)* 71 (53-98)* <0.001
Laboratory values
Haemoglobin (g/L) 109 (94-130) 114 (94-133) 113 (92-129) 113 (98-132) 0.17
Albumin (g/L) 35 (28-40) 35 (29-40) 32 (27-38) 33 (26-38) <0.001
Triglyceride (mmol/L) .3(0.8-2.8) 1.5 (0.7-2.5) 1.8 (0.7-3.4) l 5(0.9-2.6) 0.17
Total cholesterol (mmol/L) .5 (3.4-5.9) 4.5 (3.2-6.3) 4.6 (3.2-7.1) 3 (2.9-5.9) 0.28
HDL cholesterol (mmol/L) 3(0.9-1.9) 1.4 (0.9-2.2) 1.3 (0.9-2.0) 1(0.8-1.8) 0.005
LDL cholesterol (mmol/L) 2.4 (1.3-3.9) 2.4 (1.2-3.7) 2.5 (1.2-4.1) 2.2 (1.4-3.7) 0.86
Calcium (mmol/L) 2.3 (2.0-2.5) 2.3 (2.0-2.5) 2.3 (2.0-2.5) 2.3 (2.0-2.6) 0.49
Phosphate (mmol/L) 7 (1.0-2.4) 1.8 (1.1-2.3) 1.8 (1.2-2.6) 1.8 (1.2-2.4) 0.30
Intact PTH (ng/L) 226 (103-546) 255 (79-631) 296 (94-610) 279 (62-553) 0.72
hsCRP (mg/L) 0.8 (0.2-9.8) 1.2 (0.2-4.0) 3.4 (0.6-18.3) 3.3 (0.7-19.8) <0.001
IL-6 (pg/mL; n=200) 1.7 (0.1-8.3) 2.0 (0.2-7.2) 4.9 (1.6-14.9)* 5.9 (1.7-16.1)* <0.001
Medications, 1 (%)
B-blockers 42 (47) 44 (65) 51 (74)* 52 (74)* <0.001
Calcium channel blocker 47 (53) 29 (43) 41 (60) 34 (49) 0.21
ACEi/ARB 58 (65) 45 (66) 47 (68) 43 (61) 0.87
Statins 24 (27) 19 (28) 29 (42) 41 (59)* <0.001
CAC
CAC score (AU) 0 33 (2-101) 491 (186-919)* 2120 (1219-4413)* <0.001
CAC density score - 3.09 (2.22-3.98) 3.20 (3.00-3.46) 3.17 (3.02-3.30) 0.07¢
CAC volume range (mm?) 0 1-111 113-818 828-6468 -

Values are presented as median (10th-90th percentile) unless stated otherwise. Range is given as minimum and maximum values.
“Defined as a clinical history or signs of ischaemic cardiac disease and/or the presence of peripheral vascular disease and/or cerebrovascular disease.
"HGS is defined as the percentage of values for healthy individuals.

*P < 0.01 compared with patients with a CAC score of 0.

LDL, low-density lipoprotein [LDL is calculated based on the Friedewald formula: (total cholesterol) - (HDL cholesterol) - (triglycerides/2.2)]; HDL, high-density lipoprotein; PTH,
parathyroid hormone; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker.

Table 3. Multinominal logistic regression analysis of factors associated with the middle tertile and high tertile of CAC density (1 = 207, pseudo R*=0.06)

Middle tertile of CAC density

High tertile of CAC density

Coefficient (= SE) P-value Coefficient (== SE) P-value
1 SD increase of FRS 0.29 = 0.19 0.13 0.16 = 0.19 0.39
Statin use (no = 0, yes = 1) 0.13 = 0.37 0.74 —0.36 = 0.37 0.32
PEW (SGA > 1,n0 =0, yes = 1) 0.88 *= 0.42 0.03 0.88 + 0.41 0.03
Presence of CVD (no = 0, yes = 1) 1.36 = 0.45 0.002 0.65 *+ 0.47 0.17
1 SD increase of hsCRP, mg/L 0.02 = 0.17 0.91 —0.17 £ 0.20 0.39

The low tertile served as a reference. CVD is defined as a clinical history or signs of ischaemic cardiac disease and/or presence of peripheral vascular disease and/or cerebrovascular dis-

ease. Significant associations are in bold.
SE, standard error; SD, standard deviation.

tertile had the highest CAC score, highest CAC volume and
presented with the highest burden of CVD risk factors, includ-
ing higher FRS and higher prevalence of inflammation and
PEW, compared with the low and high CAC density groups.
Histological examination of vascular biopsies revealed that both
higher CAC volume and CAC density significantly associated
with the extent of arterial media calcification.

CAC density and mortality in CKD

Whereas high CAC volume associates with worse outcomes
in the general population [2-5, 21], it has been postulated that
increased density in the arterial wall may reflect stabilization of
atherosclerotic plaques [11-14], leading to a reduced risk of
coronary events [15] in the general population [29]. However,
in type 2 DM patients, the density of calcified plaques was not
associated with mortality [30], while in HD patients, increased
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(n=289).

density of calcified plaques independently predicted increased
all-cause mortality [21]. Here we report that in CKD5-ND and
CKD5-D patients, the middle tertile of CAC density associated
with the worst survival (and worst CVD risk profile) while high
CAC density formed an intermediate risk group. It has been
suggested [29] that patients within the middle tertile of CAC
density may have clinical characteristics that are more similar
to those for mixed plaques as compared with the low and upper
tertiles of CAC density.

On the other hand, there may be multiple uraemia-related
specific reasons for a different predictive role of high CAC den-
sity in CKD [21] compared with non-CKD patients [8, 16] or
type 2 DM patients [30]. The vascular calcification process is
complex in the uraemic milieu [31] and involves alterations in
calcium, phosphate, magnesium, parathyroid hormone, fibro-
blast growth factor 23 and Klotho [32-34] and deficiency of

calcification inhibitor proteins such as fetuin-A [35], matrix Gla
protein (MGP) [36], osteoprotegerin [37] and vitamin K re-
quired for carboxylation of MGP [38, 39]. Other factors con-
tributing to uraemic vascular calcification are oxidative stress
and accumulation of advanced glycated end-products [31].
Recent evidence suggests a key role for serum- and
glucocorticoid-inducible kinase 1 and nuclear factor kB signal-
ling in the uraemic vascular smooth muscle cell (VSMC) calcifi-
cation process [40]. We observed that increased CAC volume
associated with inflammation, poor nutritional status and low
HGS. The combination of sarcopenia and increased vascular
calcification may reflect a process of premature biological age-
ing [41, 42] in the inflamed uraemic milieu [43]. In the present
study we observed that the presence of inflammation modifies
the relationship between CAC density and outcome
(Figure 2D), which supports the concept of a catalytic effect of
inflammation on cardiovascular risk factors in the uraemic mi-
lieu [44]. Statin therapy may contribute to plaque stabilization
by promoting calcification [45]. In our study, similar to the gen-
eral population [46, 47], statin usage associated with higher
CAC volume. Although this finding may be attributed to ‘con-
founding by indication’, a study using intravascular ultrasound
demonstrated that statin therapy leads to delipidation and
VSMC calcification, which may promote plaque stability [45].
The inhibitory effects of statins on vitamin K (menaquinine-4)
synthesis may be an alternative mechanism by which statins
promote vascular calcification [48].

Intimal and medial calcification are common findings of the
uraemic phenotype [49], and while the latter is thought to be a
major contributor to poor clinical outcomes [17-20], intimal
rather than medial vascular calcification was reported to be in-
volved in the atherosclerotic disease process in CKD [50]. Based
on histological scoring of vascular biopsies, we report that the
media was the major arterial site affected by calcification, and
that the extent of arterial media calcification significantly asso-
ciated with both CAC volume and CAC density. It is notewor-
thy that 14% of patients with extensive histological arterial
media calcification had no signs of coronary calcification
(Figure 3). Thus the magnitude and propensity for calcification
seems to differ in different arterial sites [51]. The finding by
Bellasi et al. [21] that increased plaque density predicted all-
cause mortality in HD patients suggests that high CAC density
does not reflect plaque stabilization in the uraemic milieu. We
calculated CAC density using the formula applied by Bellasi et
al. [21] and excluding patients with a CAC score of 0. The cu-
mulative incidence curves of 5-year mortality in 207 patients,
using the low tertile as reference, showed that the adjusted sHR
for the middle tertile of CAC density was increased, albeit not
statistically significant (P = 0.07), while sHR for the high tertile
was clearly not significantly increased (Supplementary data,
Figure S2).

Some limitations of our study should be noted. The observa-
tional design precludes conclusions about causality. Inclusion
of both incident and prevalent clinically stable dialysis patients
may limit the interpretation. Measurements of CAC at a single
time point may not reflect the ideal time for risk prediction.
The relatively low number of patients is another limitation and

H. Mukai et al.
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we did not analyse the incidence of CVD events or CVD-related
mortality; however, this is, to the best of our knowledge, the larg-
est study to date of the association of CAC volume and CAC
density with outcome in CKD. Increased mortality among CKD
patients with high CAC density before they reached CKD stage
5 could have contributed to survival bias. A lack of data on dura-
tion of kidney disease and residual renal function in prevalent
dialysis patients also limits the study. Cardiac CT does not pro-
vide data about the composition of plaques, such as differentia-
tion between medial and intimal calcification. However, based
on histological examination, we observed that medial calcifica-
tion was the predominant type of calcification in the arteria epi-
gastrica. Assessment of CAC density provides only average
density of calcified lesions, not the density of each lesion; how-
ever, low- and high-density calcifications may co-exist in the
same patient, and the extent of non-calcified plaques is not
known. In the Agatston method, each CAC density assessment
is based on the highest density pixel within each calcified lesion.
HD and haemodiafiltration (HDF) may affect circulating bio-
markers of inflammation differently [52], therefore implications
for CAC of different dialysis therapies—not investigated here—
should be explored in future studies. Since vascular calcification
processes may be heterogeneous within the arterial tree [51],

CAC density and mortality in CKD

comparisons between coronary and epigastric calcification may
be spurious. Finally, the independent nature of the observed in-
verse J-shaped relation of CAC density with crude mortality rate
needs to be confirmed by additional studies.

The present study also has some strengths worth mention-
ing. First, the phenotyping was detailed and included both tra-
ditional and several non-traditional risk factors. Moreover,
because many observational studies in CKD have reported that
associations of risk factors with mortality are J- or U-shaped,
and analysis of only two groups may disguise such a relation-
ship [21], we divided the patients into four groups.
Furthermore, in a subgroup of patients we examined the extent
of concomitant vascular calcification by both histological scor-
ing of the arteria epigastrica and cardiac CT. Although the urae-
mic calcification process may differ between different arterial
sites [51], our observations suggest that the extent of media cal-
cification is linearly related to CAC volume and CAC density
(Figure 3). Further studies in larger cohorts on the relationship
between CAC density, CAC volume and clinical outcome in
CKD patients should consider additional biochemical and clini-
cal confounders, such as renal failure duration and residual re-
nal function, as well as attempt to elucidate the localization of
calcification in the arterial wall.
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of degree of medial vascular calcification are illustrated by represen-
tative histological pictures (von Kossa staining).

In summary, in CKD5 patients, the crude mortality rate in-
creased linearly with higher CAC score and CAC volume, being
highest for the highest tertiles. For CAC density, the pattern
was more complex, with an inverse J-shaped relation of CAC
density versus crude mortality rate, with mortality as well as
CVD risk factor burden (FRS, inflammation, PEW) being the
highest for the middle tertile of CAC density. The reason for
this is not clear, although survival bias in patients with low or
high CAC density could have contributed. Furthermore, as in-
flammation appeared to aggravate the impact of higher CAC
density on mortality, it should be taken into account when eval-
uating the relation between CAC density and outcome. Both
CAC volume and CAC density correlated with the extent of his-
tological signs of arterial media calcification in vascular biopsy
specimens. Evaluation of CAC density may add important in-
formation for the prediction of outcome in CKD.
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