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Abstract
Background: Long-term data concerning the efficacy of different polymer-coating strategies of new-gen-
eration drug-eluting stents (DES) in patients with coronary artery calcification (CAC) are scant.
Aims: We aimed to investigate 10-year outcomes by degree of CAC after new-generation DES implanta-
tion with different polymer-coating strategies.
Methods: We analysed individual patient and lesion characteristics of patients randomised to treatment 
with polymer-free sirolimus-eluting, biodegradable-polymer sirolimus-eluting and permanent-polymer 
zotarolimus- or everolimus-eluting stents. Endpoints of interest at 10 years were all-cause mortality, myo-
cardial infarction (MI), target lesion revascularisation (TLR) and definite or probable stent thrombosis (ST) 
according to the degree of CAC (no, mild, moderate or severe) and coating strategy (polymer-free vs bio-
degradable-polymer vs permanent-polymer).
Results: A total of 4,953 patients with 6,924 lesions were included. No, mild, moderate or severe CAC 
was present in 24.5%, 41.8%, 25.8% and 8.0% of patients, respectively. At 10-year follow-up, overall event 
rates were high, with an incremental increase according to the degree of CAC (all-cause mortality: no 
25.3%, mild 32.1%, moderate 41.7%, severe CAC 46.5%; adjusted [adj.] p=0.004; TLR: no 17.4%, mild 
16.5%, moderate 19.8%, severe CAC 28.7%; adj. p=0.001; MI: no 4.9%, mild 5.9%, moderate 6.0%, severe 
CAC 10.5%; adj. p=0.02; and ST: no 1.3%, mild 1.4%, moderate 1.8%, severe CAC 3.6%; adj. p=0.57). In 
patients with moderate-severe CAC, event rates were comparable, regardless of the DES polymer-coating 
strategy.
Conclusions: At 10 years after PCI with new-generation DES, there was an incremental increase in 
adverse events by degree of coronary calcification. These detrimental effects do not seem to be impacted 
by different polymer-coating strategies.
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Abbreviations
BAR binary angiographic restenosis
BP-DES biodegradable-polymer DES
CAC coronary artery calcification
DES drug-eluting stents
MI myocardial infarction
PCI percutaneous coronary intervention
PF-DES polymer-free DES
PP-DES permanent-polymer DES
ST stent thrombosis
TLR target lesion revascularisation

Introduction
Coronary artery calcification (CAC) is common in patients treated 
with percutaneous coronary intervention (PCI), and its prevalence 
is expected to increase further1. Previous studies have demon-
strated that moderate or severe CAC is associated with elevated 
rates of periprocedural complications and adverse clinical out-
comes in patients undergoing PCI2-4.

New-generation drug-eluting stents (DES) have been shown 
to improve both safety and efficacy long-term outcomes as com-
pared to early-generation DES3,5. Nevertheless, clinical event rates 
remain remarkable during extended follow-up to 10 years6. This is 
specifically true for high-risk patients and certain lesion subsets, 
such as calcified lesions7-9. In patients with moderate or severe 
CAC, limited data are available regarding the long-term efficacy 
of new-generation DES in general and the comparative efficacy 
of different available polymer-coating strategies in particular. 
Notably, long-term data concerning the comparative efficacy of 
permanent-polymer, biodegradable-polymer and polymer-free 
new-generation DES remain poorly defined. 

We therefore sought to investigate the impact of CAC degree (no, 
mild, moderate or severe) on long-term outcomes at 10 years after 
PCI with polymer-free (PF) sirolimus-eluting, biodegradable-pol-
ymer (BP) sirolimus-eluting or permanent-polymer (PP) zotaroli-
mus- or everolimus-eluting DES in the setting of the randomised 
ISAR-TEST 4 (Intracoronary Stenting and Angiographic Results: 
Test Efficacy of 3 Limus-Eluting STents) and 5 (Intracoronary 
Stenting and Angiographic Results: Test Efficacy of Sirolimus- 
and Probucol- and Zotarolimus- Eluting Stents) trials. 

Editorial, see page 1131

Methods
STUDY POPULATION, STUDY DESIGN AND DEVICES
Individual patient level data from the ISAR-TEST 4 and 5 ran-
domised trials were pooled for this analysis. Both trials have 
been described previously5,6,10-13. In brief, ISAR-TEST 4 ran-
domised patients with ischaemic symptoms or evidence of myo-
cardial ischaemia in the presence of ≥50% de novo stenosis 
located in native coronary vessels to receive a new-generation 
biodegradable-polymer sirolimus-eluting stent (BP-SES; Yukon 
Choice PC; Translumina), a new-generation permanent-polymer 
everolimus-eluting stent (PP-EES) (XIENCE; Abbott Vascular) 

or an early-generation PP-SES (CYPHER; Cordis Corporation) in 
a 2:1:1 allocation between September 2007 and August 2008. The 
early-generation PP-SES, which has not been commercially avail-
able since 2011, was excluded from the current analysis. ISAR-
TEST 5 was a trial with similar inclusion and exclusion criteria 
to ISAR-TEST 4 and randomised patients to treatment with new-
generation polymer-free sirolimus- and probucol-eluting stents or 
permanent-polymer zotarolimus-eluting stents in a 2:1 allocation. 
The polymer-free sirolimus- and probucol-eluting stents consist of 
a premounted, sand-blasted, 316L stainless steel microporous thin-
strut (87 μm) stent, which is coated with a mixture of sirolimus, 
probucol and shellac resin. This coating strategy is currently avail-
able in 2 devices: VIVO ISAR (Translumina) and Coroflex ISAR 
NEO (B. Braun). The permanent-polymer zotarolimus-eluting stent 
(Resolute; Medtronic) consists of a cobalt-chrome, thin-strut (91 
μm) stent platform. The polymer-coating system consists of 3 dif-
ferent polymers: a hydrophobic C10 polymer, a hydrophilic C19 
polymer and polyvinylpyrrolidone. The principal characteristics of 
these new-generation DES are depicted in Supplementary Figure 1. 

Patients for both trials were enrolled in 2 centres in Munich, 
Germany. All patients provided written informed consent for par-
ticipation before receiving the assigned treatment. Both trials were 
conducted in accordance with the provisions of the Declaration of 
Helsinki and with the International Conference on Harmonization 
Good Clinical Practices. Analysis of data from extended follow-up, 
which was not prespecified in the original trial protocol, was approved 
by the ethics committee responsible for the participating centres. 
All events were adjudicated and classified by an independent event 
adjudication committee who were blinded to treatment allocation.

ENDPOINTS AND DEFINITIONS
Endpoints of interest in this analysis were all-cause mortality, 
myocardial infarction (MI), target lesion revascularisation (TLR) 
and definite or probable stent thrombosis (ST) according to the 
degree of CAC (severe vs no, mild or moderate CAC) and the 
polymer-coating strategy (PF vs BP vs PP) at 10 years after PCI 
with DES implantation. An additional endpoint of interest was 
binary angiographic restenosis (BAR) and late luminal loss at 6- 
to 8-month angiographic follow-up. 

Patients were systematically evaluated at 1 and 12 months and 
annually up to 10 years after the index PCI. Extended follow-up 
was performed in the setting of routine care by either telephone 
calls or visits at the outpatient clinic of the participating centres. 
In both trials, follow-up angiography was performed systemati-
cally at 6-8 months.

Coronary angiograms were digitally recorded and assessed 
offline in the quantitative coronary angiographic (QCA) core labo-
ratory (ISAResearch Center, Munich, Germany) using an automated 
edge detection system (QAngio XA version 7.3; Medis Medical 
Imaging Systems) by independent personnel who were unaware of 
the treatment allocation. CAC was graded according to the angio-
graphic classification of Mintz et al14. Qualitative morphological 
lesion characteristics were characterised by standard criteria.
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STATISTICAL ANALYSIS
For the purpose of the analysis, the pooled patient population derived 
from the ISAR-TEST 4 and 5 randomised trials was divided into 4 
groups, based on the presence of no, mild, moderate or severe CAC 
on QCA. Further dedicated analyses were performed in the subset 
of patients with moderate or severe CAC. Continuous data are pre-
sented as mean with standard deviation or median with interquartile 
range (IQR). Categorical variables are summarised as frequencies 
and proportions. Data distribution was tested for normality using 
the Kolmogorov-Smirnov test for goodness of fit. Depending on 
the data distribution, differences between groups were checked for 
significance using the Student’s t-test or the Wilcoxon rank-sum 
test (continuous data) or the chi-square or Fisher’s exact test, when 
the expected cell value was <5 (categorical variables), as appropri-
ate. Survival was analysed by the Kaplan-Meier method. Hazard 
ratios (HR) and 95% confidence intervals (95% CI) were calculated 
using the Cox proportional hazards model after checking for fulfil-
ment of the proportional hazards assumption with the Grambsch 
and Therneau method15. Conventional multivariable analysis was 
performed for all-cause mortality, TLR, MI and ST, with adjust-
ment for the following baseline and procedural variables: DES 
type, age, gender, diabetes mellitus, arterial hypertension, smoking, 
hypercholesterolaemia, estimated glomerular filtration rate (eGFR), 
multivessel disease, clinical presentation, prior MI, prior coronary 

artery bypass grafting (CABG), body mass index (BMI), ejection 
fraction, target vessel, chronic total occlusion (CTO), lesion com-
plexity, bifurcation lesion, ostial lesion, lesion length, vessel size, 
diameter stenosis, balloon-to-vessel ratio, maximal balloon pres-
sure, total stent length, and number of stents. Additionally, sensi-
tivity analysis was performed, comparing outcomes amongst the 3 
different polymer-coating groups (PF vs BP vs PP). All tests were 
2-sided and a p-value <0.05 was considered statistically signi-
ficant. Statistical analyses were performed using R, version 3.6.1 
(R Foundation for Statistical Computing).

Results
BASELINE AND PROCEDURAL CHARACTERISTICS 
ACCORDING TO THE DEGREE OF CALCIFICATION IN THE 
ENTIRE COHORT
A total of 4,953 patients with 6,924 lesions were included in this 
analysis. According to angiographic core laboratory analysis, no, 
mild, moderate or severe CAC was present in 24.5% (1,212/4,953), 
41.8% (2,069/4,953), 25.8% (1,276/4,953) and 8.0% (396/4,953) of 
the entire cohort, respectively. Moderate or severe CAC was present in 
one-third of all patients with de novo coronary artery stenosis (33.8%). 

Baseline characteristics according to the degree of CAC are dis-
played in Table 1. Notably, patients with severe CAC were older, 
differed with regard to clinical presentation and displayed a worse 

Table 1. Baseline characteristics according to degree of coronary calcification. 

No 
(n=1,212)

Mild 
(n=2,069)

Moderate 
(n=1,276)

Severe
(n=396)

p-value

Age, yrs 64.8±11.0 67.4±10.9  68.9±10.7  70.2±10.6  <0.001

Male 921 (76.0) 1,570 (75.9) 969 (75.9) 320 (80.8) 0.186

Body mass index, kg/m2 27.5±4.4 27.6±4.4 27.5±4.6 27.5±4.3 0.760

Diabetes mellitus 280 (23.1) 586 (28.3) 422 (33.1) 142 (35.9) <0.001

Insulin-dependent diabetes 94 (7.8) 167 (8.1) 160 (12.5) 53 (13.4) <0.001

Arterial hypertension 771 (63.6) 1,375 (66.5) 912 (71.5) 283 (71.5) <0.001

Hyperlipidaemia 774 (63.9) 1,335 (64.5) 847 (66.4) 242 (61.1) 0.244

Current smoker 237 (19.6) 334 (16.1) 186 (14.6) 69 (17.4) 0.008

eGFR*, ml/min 79.0±20.6  74.9±21.4  72.2±23.0  71.3±21.5 <0.001

Prior myocardial infarction 345 (28.5) 608 (29.4) 380 (29.8) 115 (29.0) 0.905

Prior coronary artery bypass grafting 77 (6.4) 185 (8.9) 155 (12.1) 65 (16.4) <0.001

Clinical presentation Acute myocardial infarction 279 (23.0) 346 (16.7) 210 (16.5) 69 (17.4)

<0.001Unstable angina 251 (20.7) 507 (24.5) 299 (23.4) 81 (20.5)

Stable angina 682 (56.3) 1,216 (58.8) 767 (60.1) 246 (62.1)

Ejection fraction**, % 53.7±10.7  52.8±11.7  52.4±12.0  51.1±12.6   0.002

1-vessel disease 282 (23.3) 316 (15.3) 133 (10.4) 28 (7.1)

<0.0012-vessel disease 350 (28.9) 599 (29.0) 299 (23.4) 62 (15.7)

3-vessel disease 580 (47.9)  1,154 (55.8)     844 (66.1) 306 (77.3)  

Number of lesions 1.26±0.54 1.38±0.63 1.56±0.74 1.57±0.74 <0.001

Type of polymer coating Biodegradable-polymer DES 470 (38.8) 525 (25.4) 245 (19.2) 59 (14.9)

<0.001Polymer-free DES 388 (32.0) 859 (41.5) 578 (45.3) 177 (44.7)

Permanent-polymer DES 354 (29.2) 685 (33.1) 453 (35.5) 160 (40.4) 

Values are n (%) or mean±standard deviation unless otherwise indicated. *available in n=4,562 patients, **available in n=4,893 patients. 
DES: drug-eluting stent; eGFR: estimated glomerular filtration rate 
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clinical risk profile with higher rates of diabetes mellitus, arterial 
hypertension, prior CABG and 3-vessel disease as well as a worse 
renal function compared to those with no, mild or moderate CAC.

Ten-year follow-up was complete in all but 793 patients 
(16.0%), with no difference among the degrees of calcification 
(p=0.39). In patients without complete follow-up to 10 years, the 
median follow-up interval was 5.3 (4.1-6.9) years.

Procedural characteristics according to the degree of CAC are 
shown in Table 2 and were analysed at lesion level. Lesions with 
severe CAC were more often complex (B2/C) with higher rates 
of CTO and more often involved bifurcation or ostial lesions. 
Moreover, lesions were longer and diameter stenosis was higher in 
lesions with severe CAC. Furthermore, the balloon-to-vessel ratio, 
maximum balloon pressure, number of stents and total stent length 
were different, as compared to any other degree of calcification. 
Of note, rotational atherectomy was only used in a minority of 
cases (0.39% of all lesions).

BASELINE AND PROCEDURAL CHARACTERISTICS 
ACCORDING TO THE POLYMER-COATING STRATEGY IN 
PATIENTS WITH MODERATE OR SEVERE CAC
In patients with moderate or severe CAC, baseline and procedural 
characteristics according to the polymer-coating strategy are dis-
played in Supplementary Table 1 and Supplementary Table 2, 
respectively. In this subset of patients, 18.2% (304/1,672) were 

treated with BP-DES, 45.2% (755/1,672) with PF-DES and 36.7% 
(613/1,672) with PP-DES. There were significant differences with 
regards to BMI (p=0.029), clinical presentation (p<0.001) and the 
number of lesions (p=0.014) (Supplementary Table 1). Moreover, 
lesion length (p=0.001), number of stents (p=0.017) and total stent 
length (p=0.003) differed significantly (Supplementary Table 2). 

ANGIOGRAPHIC OUTCOME AT 6- TO 8-MONTH FOLLOW-UP 
ACCORDING TO THE DEGREE OF CORONARY CALCIFICATION 
IN THE ENTIRE COHORT
Angiographic follow-up at 6-8 months was available in 76.8% of 
all patients. Angiographic outcome variables at 6-8 months were 
analysed at lesion level. BAR was more frequent in lesions with 
severe CAC compared to those with no, mild or moderate CAC 
(38% vs 29%, 30% and 32%, respectively; p<0.001) (Figure  1). 
Likewise, mean late luminal loss was higher in lesions with 
severe CAC compared to those with no, mild or moderate CAC 
(0.42±0.72 vs 0.25±0.54, 0.26±0.54 and 0.32±0.60, respectively; 
p<0.001) (Figure 1). 

ANGIOGRAPHIC OUTCOME AT 6- TO 8-MONTH FOLLOW-UP 
ACCORDING TO THE POLYMER-COATING STRATEGY IN 
PATIENTS WITH MODERATE OR SEVERE CAC
In patients with moderate or severe CAC, angiographic outcome at 
6-8 months was further analysed according to the polymer-coating 

Table 2. Procedural characteristics according to degree of coronary calcification. 

Lesions with 
no CAC 

(n=1,811)

Lesions with 
mild CAC 
(n=2,977)

Lesions with 
moderate CAC 

(n=1,667)

Lesions with severe 
CAC (n=469)

p-value

Target vessel Left anterior descending artery 849 (46.9) 1,297 (43.6) 750 (45.0)  210 (44.8)

0.121  Left circumflex artery 431 (23.8)  791 (26.6) 444 (26.6) 108 (23.0)  

Right coronary artery 531 (29.3)  889 (29.9) 473 (28.4) 151 (32.2)  

Complex morphology (B2/C) 1,168 (64.5) 2,036 (68.4) 1,431 (85.8) 446 (95.1) <0.001

Chronic total occlusion 59 (3.3)  153 (5.1) 117 (7.0) 46 (9.8) <0.001

Bifurcation 404 (22.3)  730 (24.5)  566 (34.0)  131 (27.9)  <0.001

Ostial 329 (18.2)  521 (17.5) 356 (21.4)  107 (22.8)  0.001

Lesion length, mm   14.7±8.4 15.7±9.3  17.2±9.9  18.4±11.0  <0.001  

Vessel size, mm 2.8±0.5  2.8±0.5  2.8±0.5  2.8±0.5   0.084  

Diameter 
stenosis, %

Before procedure 67.0±16.8  65.8±15.8 67.6±15.3 68.9±16.1 <0.001

After procedure 11.3±7.5 11.5±6.6    12.5±8.5   13.2±8.1    <0.001

Type of polymer 
coating

Biodegradable-polymer DES 651 (35.9)  671 (22.5) 295 (17.7)  66 (14.1)

<0.001    Polymer-free DES 596 (32.9)  1,320 (44.3) 783 (47.0)  213 (45.4)

Permanent-polymer DES 564 (31.1)  986 (33.1)  589 (35.3)  190 (40.5)

Maximum balloon diameter, mm 3.11±0.52  3.08±0.50 3.06±0.53  3.08±0.53 0.075  

Balloon-to-vessel ratio   0.53±0.56  0.39±0.54  0.31±0.51 0.31±0.50  <0.001  

Maximum balloon pressure, bar 14.9±3.0  15.4±3.0  16.0±3.2  17.2±3.6  <0.001  

Number of stents 1.63±0.64 1.73±0.64  1.82±0.64  1.96±0.83  <0.001  

Total stent length, mm 23.3±10.5  25.1±11.5  27.2±12.5  30.3±14.6  <0.001  

Rotational atherectomy 3 (0.2)    3 (0.1)    6 (0.4)   15 (3.2)  <0.001  

Values are n (%) or mean±standard deviation unless otherwise indicated. CAC: coronary artery calcification; DES: drug-eluting stent 
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strategy. BAR was similar across all 3 treatment groups (BP-DES: 
19% vs PF-DES: 21% vs PP-DES: 19%; p=0.576) (Supplementary 
Figure 2). Of note, mean late luminal loss was lower with BP-DES 
compared with PF-DES and PP-DES (0.26±0.62 vs 0.37±0.65 vs 
0.33±0.62; p=0.034) (Supplementary Figure 2). 

TEN-YEAR CLINICAL OUTCOMES ACCORDING TO THE 
DEGREE OF CORONARY CALCIFICATION IN THE ENTIRE 
COHORT
At 10-year follow-up, event rates were overall high with incremen-
tal increase according to the degree of CAC (all-cause mortality: 
no 25.3%, mild 32.1%, moderate 41.7% or severe CAC 46.5%; 
adjusted [adj.] p=0.004; TLR: no 17.4%, mild 16.5%, moderate 
19.8% or severe CAC 28.7%; adj. p=0.001; MI: no 4.9%, mild 
5.9%, moderate 6.0% or severe CAC 10.5%; adj. p=0.02; and ST: 
no 1.3%, mild 1.4%, moderate 1.8% or severe CAC 3.6%; adj. 
p=0.57) (Table 3).
In detail, severe CAC as compared with no, mild or moderate CAC 
was associated with a significantly increased risk of all-cause mor-
tality (adjusted hazard ratio [aHR] 1.3 [1.1-1.7], 1.3 [1.1-1.6] or 
1.1 [0.9-1.3]; adj. p=0.004), TLR (aHR 1.5 [1.1-2.0], 1.7 [1.3-
2.2] or 1.4 [1.1-1.9]; adj. p=0.001) and MI (aHR 1.9 [1.2-3.0], 1.7 
[1.1-2.5] or 1.8 [1.2-2.8]; adj. p=0.02). The risk of ST in severe 

CAC as compared with no, mild or moderate CAC was compar-
able (aHR 1.6 [0.7-4.0], 1.7 [0.8-3.8] or 1.4 [0.7-3.1]; adj. p=0.57) 
(Table 3, Figure 2). Kaplan-Meier curves and results of the land-
mark analysis at 0-1 and 1-10 years for each clinical outcome are 
provided in Supplementary Figure 3A-Supplementary Figure 3D. 

TEN-YEAR CLINICAL OUTCOMES ACCORDING TO THE 
POLYMER-COATING STRATEGY IN PATIENTS WITH 
MODERATE OR SEVERE CAC
Clinical outcomes of patients with moderate or severe CAC accord-
ing to different polymer-coating strategies of new-generation DES 
at 10 years are shown in Table 4 and Supplementary Figure 4. 
Long-term clinical event rates were comparable in patients treated 
with BP-DES, PF-DES or PP-DES, including all-cause mortality 
(41.6% vs 43.5% vs 42.7%; adj. p=0.82), TLR (25.0% vs 26.1% 
vs 25.0%; adj. p=0.29), MI (8.7% vs 6.5% vs 8.4%; adj. p=0.05) 
and probable or definite ST (2.0% vs 1.8% vs 3.3%; adj. p=0.76).

Discussion
This is a pooled analysis of individual patient data from the ran-
domised ISAR-TEST 4 and 5 trials. Both the impact of the degree 
of coronary calcification on long-term outcomes at 10-year fol-
low-up after PCI with new-generation DES implantation and the 

Table 3. Ten-year clinical outcomes according to degree of coronary calcification in the entire cohort.

No 
(n=1,212)

Mild 
(n=2,069)

Moderate 
(n=1,276)

Severe 
(n=396)

adj. HR
adj. 

p-value

All-cause mortality
282 (25.3) 602 (32.1) 483 (41.7) 166 (46.5)

severe vs no: 1.3 (1.1-1.7)
severe vs mild: 1.3 (1.1-1.6)

severe vs moderate: 1.1 (0.9-1.3)
0.004

Target lesion revascularisation
201 (17.4) 325 (16.5) 239 (19.8) 109 (28.7)

severe vs no: 1.5 (1.1-2.0)
severe vs mild: 1.7 (1.3-2.2)

severe vs moderate: 1.4 (1.1-1.9)
0.001

Myocardial infarction
57 (4.9) 116 (5.9) 74 (6.0) 41 (10.5)

severe vs no: 1.9 (1.2-3.0)
severe vs mild: 1.7 (1.1-2.5)

severe vs moderate: 1.8 (1.2-2.8)
0.02

Definite or probable stent 
thrombosis 15 (1.3) 28 (1.4) 23 (1.8) 14 (3.6)

severe vs no: 1.6 (0.7-4.0)
severe vs mild: 1.7 (0.8-3.8)

severe vs moderate: 1.4 (0.7-3.1)
0.57

Data are number of events and incidence (%) with Kaplan-Meier estimates. Adjusted hazard ratios (95% CI) and adjusted p-values derived 
from conventional multivariable analysis. CI: confidence interval; HR: hazard ratio
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Figure 1. Angiographic outcome at 6-8 months according to the degree of coronary calcification. CAC: coronary artery calcification
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respective performance of different polymer-coating strategies in 
the subset of patients with moderate or severe CAC were investi-
gated. The main findings can be summarised as follows: 
-  core laboratory-assessed moderate or severe CAC was present in 

one-third of patients with de novo coronary artery stenosis; 
-  adverse clinical event rates were overall high during the extended 

follow-up to 10 years after PCI with an incremental increase 
according to the degree of coronary calcification; 

-  detrimental effects did not differ with different polymer-coating 
strategies of new-generation drug-eluting stents in patients with 
moderate or severe CAC. 
The prevalence of moderate or severe CAC in approximately 

one-third of patients with de novo coronary artery stenosis located 
in native coronary vessels is consistent with reports from previous 
randomised trials3,4 and is expected to further increase in the future 
with an ageing population1. In our study, approximately 10% of 
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Figure 2. Comparison of adjusted probability of ten-year clinical outcomes by degree of coronary calcification. *The adjusted curves for 
all-cause mortality for no calcification (light grey) and mild calcification (dark grey) are overlapping. adj: adjusted
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patients exhibited severe CAC and this subset of patients was older 
and displayed a worse clinical baseline risk profile with higher rates 
of chronic kidney disease, diabetes mellitus, arterial hypertension, 
and 3-vessel disease. This indicates that the severity of coronary cal-
cification is likely a marker of a higher extent of prognostically rele-
vant comorbidities, as illustrated by the mortality curves (Figure 2). 

In previous studies, moderate or severe CAC was associated 
with higher rates of periprocedural adverse cardiovascular events 
in patients undergoing PCI with DES implantation. The higher 
event rates have been attributed to the extent of comorbidities, the 
larger plaque burden of coronary artery lesions and incomplete 
revascularisation4,16,17. New-generation DES have been shown to 
improve both safety and efficacy outcomes as compared to early-
generation DES, including for patients with coronary artery calci-
fication3,5. In a recent analysis including 18 randomised trials with 
almost 20,000 patients, the benefits of second-generation DES 
were present for up to 5 years of follow-up in patients with moder-
ate or severe CAC; however, adverse clinical event rates remained 
remarkably high3. Our study yielded similar results in a large 
cohort of patients with overall high event rates during extended 
follow-up at 10 years after PCI with new-generation DES, and 
an incremental increase in event rates according to the degree of 
CAC. Patients with severe CAC had significantly higher rates as 
well as elevated adjusted hazards of all-cause mortality, target 
lesion revascularisation and myocardial infarction. 

Several mechanisms have been attributed to explain the elevated 
adverse event rates in this specific subset, including an increased 
technical complexity of PCI procedures with impaired stent deliv-
ery and deployment as well as impaired drug elution in calcified 
lesions18,19. To date, data regarding the differential performance 
of available polymer-coating strategies of new-generation DES, 
which have replaced early-generation DES, are lacking. In this 
analysis, including almost 5,000 patients treated in 2 prospective, 
randomised trials, adverse clinical event rates at 10 years were 
overall high and comparable with any polymer-coating strategy. 
Although polymer coating has become the key component of dif-
ferent new-generation DES platforms, the investigated devices did 
not only differ with regard to their coating strategy, but also with 
regard to the type, amount and release kinetics of antiproliferative 

drugs as well as stent backbones (cobalt-chrome, stainless steel) 
and varying strut thicknesses (Supplementary Figure 1). Therefore 
the relative efficacy of DES included in this trial may not be attrib-
uted to the polymer strategy alone, but rather to the composition of 
different independent iterations of each device.

Of note, restenosis rates as well as late luminal loss at angio-
graphic follow-up at 6-8 months after index PCI were already sig-
nificantly higher in lesions with severe CAC as compared with any 
other severity grade of CAC, indicating the importance of opti-
mal immediate procedural results in this subset of lesions. Key 
procedural aspects, such as the balloon-to-vessel ratio or residual 
diameter stenosis, were already unfavourable during index PCI in 
patients with severe CAC indicating that optimal lesion preparation 
is a prerequisite for successful stent delivery and implantation, for 
both intermediate and long-term outcomes, especially in a popula-
tion predisposed to stent failure3. These angiographic findings are 
mirrored by an excess in clinical event rates during index PCI and 
the first year after DES implantation in patients with severe CAC 
as compared to any other severity degree of CAC. In detail, the 
vast majority of thrombotic events, including myocardial infarc-
tion and stent thrombosis, occurred during the index procedure or 
within the first 30 days after the procedure. Although this finding 
is in line with a large body of evidence from previous randomised 
trials20,21,22, the relative increased risk of myocardial infarction in 
patients with severe CAC remains noteworthy. On the other hand, 
results concerning angiographic and clinical efficacy deserve fur-
ther consideration. First, revascularisation rates during the first year 
are obviously increased due to follow-up angiography and should 
be interpreted with caution. These are displayed in Supplementary 
Figure 3B. Nevertheless, revascularisation rates of the target lesion 
continue to increase up to 10 years, particularly in patients with 
severe CAC. Second, interestingly, in patients with moderate or 
severe CAC, the significant benefit concerning angiographic out-
comes in patients treated with BP-SES with respect to late lumen 
loss, which also results in numerically lower TLR rates during the 
first and second year, seems to be fully attenuated at 10 years. 
A potential explanation for these favourable early findings might be 
the shorter lesions in this subgroup resulting in shorter stent lengths 
and most importantly, a lower number of stents implanted along 
with potentially less stent-overlap; these procedural characteristics 
have been previously reported to impact DES efficacy23. This may 
be specifically true in this cohort of highly complex lesions, result-
ing in a favourable efficacy in short-intermediate outcomes. This 
finding, however, appears to be completely attenuated during long-
term follow-up with reported stent failure up to 10 years in every 
fifth patient. This is in line with comparable results concerning 
revascularisation rates and thrombotic events in patients with mod-
erate-severe CAC at 10 years, regardless of the polymer-coating 
strategy. Mortality rates >40% in this subgroup remain noteworthy, 
mirroring the high morbidity of this cohort. 

In order to overcome some of the hurdles associated with stent 
failure and to achieve optimal (procedural) results in calcified 
coronary lesions, the use of available technologies for adequate 

Table 4. Ten-year clinical outcomes in patients with moderate-
severe coronary calcification according to polymer coating 
strategies.

BP-DES 
(n=304)

PF-DES 
(n=755)

PP-DES 
(n=613)

Adj. 
p-value

All-cause mortality 112 (41.6) 297 (43.5) 240 (42.7) 0.82

Target lesion revascularisation 60 (25.0) 161 (26.1) 127 (25.0) 0.29

Myocardial infarction 24 (8.7) 44 (6.5) 47 (8.4) 0.05

Definite or probable stent 
thrombosis 6 (2.0) 13 (1.8) 18 (3.3) 0.76

Data are shown as crude event rates (Kaplan-Meier estimates as percentages), p-values 
derived from Cox proportional hazard models. BP: biodegradable-polymer; DES: 
drug-eluting stent; PF: polymer-free; PP: permanent-polymer
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vessel preparation prior to drug-eluting stent implantation, including 
debulking-, ablative- or balloon-based techniques as well as intra-
vascular imaging, are encouraged in accordance with current expert 
recommendations to enhance the proficiency of PCI procedures24,25. 
As severely calcified lesions are challenging to cross and dilate with 
conventional balloons, an armamentarium of special devices includ-
ing rotational or orbital atherectomy, modified balloons (cutting or 
scoring), super high-pressure balloons and intravascular lithotripsy 
has been increasingly advocated over the last years, and the compara-
tive performance of these different concepts for lesion preparation has 
been investigated in recent randomised trials7-9,26,27. Although these 
trials were not powered to address clinical endpoints, overall short-
term rates of adverse clinical events were low, even in the context of 
complex calcific coronary artery disease7,8. Whether these dedicated 
strategies with improved angiographic short- and mid-term results 
translate into improved clinical long-term outcomes of patients with 
calcified lesions needs to be investigated in future, large-scale trials.

Limitations
This study has several limitations which deserve attention. First, this 
is a pooled analysis of individual patient data from 2 randomised 
trials. The data pooling was justified by similar inclusion and exclu-
sion criteria, the common standard operating procedures for inter-
ventional procedures and patient management, as well as for the 
acquisition and analysis of angiographic data at enrolling institu-
tions. Nevertheless, the analyses of this prespecified subgroup were 
post hoc and therefore remain hypothesis-generating. Second, lesion 
preparation, using dedicated techniques, as recommended by current 
guidelines28, was done in a minority of cases (<1%), using rotational 
atherectomy prior to DES implantation. Third, we did not have any 
information on the rate of intravascular imaging use, which is gen-
erally recommended in this setting of complex percutaneous coro-
nary procedures. Moreover, we did not have data on the medical 
treatment and control of cardiovascular risk factors of the patients 
included in this analysis up to 10 years. 

Conclusions
Coronary artery calcification is common in patients undergoing PCI 
with DES implantation, and there was an incremental increase in 
adverse events by the degree of coronary calcification at 10-year fol-
low-up after PCI with new-generation DES. These detrimental effects 
do not seem to be impacted by different polymer-coating strategies. 

Impact on daily practice
Coronary artery calcification is increasingly encountered in 
patients undergoing PCI with DES implantation. Long-term 
data up to 10 years demonstrate that there was incremental 
increase in adverse cardiovascular events at 10-year follow-up, 
regardless of the polymer-coating strategy of new-generation 
DES in patients with moderate or severe calcification. Whether 
dedicated devices for lesion preparation of calcified lesions 
improve long-term outcomes needs to be further investigated. 
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Supplementary data 

Supplementary Table 1. Baseline characteristics according to polymer coating strategy in patients with moderate-severe coronary 

calcification.  

 
 

BP-DES 
(n=304) 

 
PF-DES 
(n=755) 

 
PP-DES 
(n=613) 

p value 

Age, yrs 68.7±11.1 69.1±10.9 69.6±10.2 0.518 
Male 229 (75.3) 590 (78.1) 470 (76.7) 0.585 
Body Mass Index (kg/m2) 27.0±4.2 27.8±4.8 27.4±4.4 0.029 
Diabetes mellitus  110 (36.2) 243 (32.2) 211 (34.4) 0.416 
Insulin-dependent   32 (10.5) 95 (12.6) 86 (14.0) 0.321 
Arterial hypertension 222 (73.0) 532 (70.5) 441 (71.9) 0.669 
Hyperlipidemia 209 (68.8) 476 (63.0) 404 (65.9) 0.186 
Current smoker 44 (14.5) 130 (17.2) 81 (13.2) 0.112 
Prior myocardial infarction 80 (26.3) 216 (28.6) 199 (32.5) 0.114 
Prior coronary artery bypass 
grafting  

40 (13.2) 87 (11.5) 93 (15.2) 0.139 

Clinical presentation 
   Acute myocardial infarction 
   Unstable Angina 
   Stable Angina  

 
37 (12.2) 
100 (32.9) 
167 (54.9) 

 
145 (19.2) 
133 (17.6) 
477 (63.2) 

 
97 (15.8) 
147 (24.0) 
369 (60.2) 

 
<0.001 

Ejection fraction*, % 53.2±11.6 51.3±12.8 52.4±11.6 0.091 
1-vessel disease 
2-vessel disease 

31 (10.2) 
70 (23.0) 

81 (10.7) 
161 (21.3) 

49 (8.0) 
130 (21.2) 0.444 



3-vessel disease 203 (66.8) 513 (67.9) 434 (70.8) 
Number of lesions 1.47±0.70 1.61±0.77 1.55±0.72 0.014 

 
Values are n (%) or mean ± standard deviation unless otherwise indicated. *Available in n=1,617 patients. BP: biodegradable polymer; DES: drug-
eluting stent; PF: polymer free; PP: permanent polymer.  
  



Supplementary Table 2. Procedural characteristics according to polymer coating strategy in patients with moderate-severe coronary artery 
calcification.  
 

 
 

BP-DES 
(n=361) 

 
PF-DES 
(n=966) 

 
PP-DES 
(n=779) 

p value 

Target vessel 
   Left anterior descending artery 
   Left circumflex artery 
   Right coronary artery 

 
164 (45.4) 
96 (26.6) 
101 (28.0) 

 
436 (43.8) 
250 (25.1) 
310 (31.1) 

 
360 (46.2) 
206 (26.4) 
213 (27.3) 

0.498 

Chronic total occlusion 32 (8.9) 84 (8.4) 47 (6.0) 0.105 
Complex morphology (B2/C) 314 (87.0) 886 (89.0) 677 (86.9) 0.359 
Bifurcation 116 (32.1) 326 (32.7) 255 (32.7) 0.976 
Ostial 72 (19.9) 218 (21.9) 173 (22.2) 0.672 
Lesion length, mm 15.7±9.7 17.9±10.3 17.7±10.3 0.001 
Vessel size, mm 2.75±0.52 2.76±0.50 2.80±0.50 0.190 
Diameter stenosis, % 
   Before procedure 
   After procedure 

 
66.2±15.8 
12.6±9.7 

 
68.5±15.7 
12.7±8.1 

 
68.0±15.1 
12.5±8.1 

 
0.050 
0.921 

Maximum balloon diameter, mm 3.06±0.53 3.05±0.53 3.09±0.53 0.480 
Maximum balloon pressure, bar 16.4±3.1 16.2±3.4 16.3±3.4 0.461 
Number of stents 1.8±0.7 1.9±0.6 1.9±0.8 0.017 
Total stent length, mm 25.8±12.5 28.3±13.2 28.4±13.0 0.003 

 
Values are n (%) or mean ± standard deviation unless otherwise indicated.  
BP: biodegradable polymer; DES: drug-eluting stent; PF: polymer free; PP: permanent polymer.  
  



 
Supplementary Figure 1. Overview of principal characteristics of selected new-generation drug-eluting stents. 

 



 
 

Supplementary Figure 2. Angiographic outcomes at 6-8 months according to polymer coating strategy in patients with moderate-severe coronary 
calcification. 
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Supplementary Figure 3. Kaplan-Meier curves and landmark analyses. 
A) Kaplan-Meier curves and results of landmark analysis at 0-1 and 1-10 years for all-cause mortality. 
B) Kaplan-Meier curves and results of landmark analysis at 0-1 and 1-10 years for target lesion revascularisation. 
C) Kaplan-Meier curves and results of landmark analysis at 0-1 and 1-10 years for myocardial infarction. 
D) Kaplan-Meier curves and results of landmark analysis at 0-1 and 1-10 years for stent thrombosis. 



 

 
 
Supplementary Figure 4. Ten-year clinical outcomes according to different polymer coating strategies in patients with moderate-severe coronary 
calcification. 


