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ABSTRACT
Introduction  Severely calcified coronary stenoses are 
difficult to treat with percutaneous coronary interventions. 
The presence of severe calcifications complicates lesion 
preparation, advancement of stents and achievement 
of full stent expansion. Intervention in these lesions 
is associated with an increased risk of complications 
and procedural failure compared with treatment of less 
calcified lesions. Due to the high burden of comorbidity, 
patients with severely calcified lesions are often excluded 
from interventional trials, and there is little evidence on 
how to treat these patients.
Methods and analysis  We will conduct a systematic 
review of randomised trials enrolling patients with calcified 
coronary artery disease undergoing percutaneous coronary 
intervention. We will investigate any percutaneous 
treatment option including any lesion preparation, stenting 
or postdilatation technique. We will search The Cochrane 
Central Register of Controlled Trials, Medical Literature 
Analysis and Retrieval System Online, Latin American and 
Caribbean Health Sciences Literature, Science Citation 
Index Expanded, and Excerpta Medica database for 
studies from inception to 31 October 2022. The coprimary 
outcome is all-cause mortality and serious adverse 
events. If appropriate, we will conduct meta-analysis, trial 
sequential analysis and network meta-analysis.
Ethics and dissemination  No ethics approval is required 
for this study. The results will be published in a peer-
reviewed journal in this field.
PROSPERO registration number  CRD42021226034.

INTRODUCTION
Ischemic heart disease
Ischaemic heart disease is the most common 
cause of death globally and accounts 
for 1.8 million European deaths annu-
ally.1 2 Ischaemic heart disease is character-
ised by build-up of lipid-containing plaques, 
chronic inflammation and hardening in 
the walls of coronary arteries.3 This process, 
that is, atherosclerosis, is associated with 
traditional cardiovascular risk factors such 
as diabetes mellitus, hypertension and 

hypercholesterolaemia. Atherosclerosis may 
lead to reduced coronary blood flow due 
to narrowed vessels (stenosis), inadequate 
oxygen supply to the myocardium (ischaemia) 
and heart attack (infarction). Affected indi-
viduals risk loss of cardiac function, reduction 
in quality of life and ultimately death.3

Calcified ischaemic heart disease
Coronary calcification is a feature of late-stage 
atherosclerosis. Atherosclerosis is a chronic 
and degenerative process that involves apop-
tosis of foam cells and smooth muscle cells in 
the arterial wall. Early deposition of hydroxy-
apatite crystals, primarily in the intimal layer 
(microcalcification), may lead to the forma-
tion of calcified sheets and nodules that 
complicate coronary interventions.4 Coro-
nary calcification is associated with increasing 
age and presence and severity of diabetes 
mellitus and chronic kidney disease, among 
other conditions.4 As the number of elderly 
individuals is expected to increase, so will the 
number of elderly individuals living with calci-
fied ischaemic heart disease. The presence of 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Several percutaneous treatment options exist to 
treat calcified coronary lesions. However, there is 
no consensus regarding the optimal choice of treat-
ment strategy. We aim to assess the beneficial and 
harmful effects of all available treatment options.

	⇒ This protocol is based on the Preferred Reporting 
Items for Systematic Review and Meta-Analysis 
Protocols guidelines and the Cochrane Handbook 
for Systematic Reviews of Interventions.

	⇒ We plan to conduct meta-analysis, trial sequential 
analysis and network meta-analysis.

	⇒ We will assess all available interventions which may 
require many analyses and cause problems with 
multiplicity.
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moderate-to-severe calcifications is a risk factor for future 
cardiovascular events and death.5 6

The presence and severity of coronary calcification can 
be identified non-invasively by cardiac CT or invasively by 
coronary angiography, optical coherence tomography or 
intravascular ultrasound.4 The degree of coronary artery 
calcification correlates with the severity of obstructive 
coronary artery disease.4 Moderately to severely calcified 
coronary stenoses are present in 17%–34% of patients 
with ischaemic heart disease undergoing percutaneous 
coronary intervention.4 7 8 Patients with severe calcifica-
tions often have multivessel disease, greater anatomical 
complexity (greater SYNTAX score and number of Amer-
ican College of Cardiology/American Heart Association 
type C lesions), and a lower preprocedural flow through 
the lesion compared with patients with no or only mild 
calcifications.9–11

Coronary angiography and percutaneous coronary 
intervention
Coronary angiography is an invasive procedure that 
allows visualisation and treatment of coronary stenoses.12 
Following local anaesthesia in the wrist or groin, a sheath 
is inserted into a peripheral artery.12 Through the sheath, 
a catheter is advanced to the coronary ostia. By injecting 
a contrast medium and using X-ray fluoroscopy, an angio-
gram is produced that visualises the coronary arteries, 
stenoses and calcifications (radiopacities in the vessel 
wall).4 12

Ischaemic heart disease can be treated medically 
primarily by reducing the myocardial demand for oxygen 
or invasively by dilating (percutaneous coronary interven-
tion) or bypassing (coronary artery bypass grafting) the 
affected vessels. Percutaneous coronary intervention with 
implantation of drug-eluting stents is the most frequently 
used method of coronary revascularisation.

Percutaneous coronary intervention is usually carried 
out in three steps. First, after passing a thin and flexible 
wire through the catheter into the coronary artery, a 
balloon is inserted over the wire and inflated in the lesion 
(the process of lesion preparation or predilatation).12 
The purpose of lesion preparation is to prepare the lesion 
for placement and expansion of a sufficiently sized stent 
by causing controlled dissection and disruption of the 
lesion. Second, a stent mounted on a balloon is inserted 
over the wire and expanded in the lesion to prevent recoil, 
acute blockage and future stenosis (stenting). Third, the 
stent may be further expanded with additional inflations 
to ensure optimal stent expansion to reduce the risk of 
restenosis (postdilatation).12

Percutaneous coronary intervention in calcified lesions
Calcifications complicate all aspects of interventional 
treatment and constitute one of the most common types 
of complex lesions in patients undergoing percutaneous 
coronary intervention.9 Percutaneous intervention in 
calcified lesions has a higher risk of short-term and 
long-term complications (coronary perforation, in-stent 

thrombosis, restenosis and death) and a lower procedural 
success rate (eg, incomplete revascularisation and subop-
timal stent expansion) compared with treatment of non-
calcified lesions.11

Lesion preparation in severely calcified lesions with 
conventional techniques is often ineffective. It can be 
difficult to advance catheters, balloons or stents through 
segments of rigid calcifications with irregular geometry.13 
Expansion of a balloon will often be directed towards 
the most compliant part of the vessel wall which may be 
non-calcified. Furthermore, advancing a stent through a 
calcified segment may cause damage to the stent surface 
and reduce the drug-eluting capability.14 Consequently, 
suboptimal lesion preparation and underexpansion of 
stents are predictors of stent thrombosis and long-term 
restenosis.15 16 Lastly, the use of high inflation pressures 
sometimes necessary for calcified lesions may cause vessel 
rupture.17

In addition to conventional techniques, several special-
ised techniques are available to optimise lesion prepa-
ration and stent expansion in calcified stenoses. (1) 
Rotational atherectomy uses a catheter with a rotating 
diamond-burr, which is advanced through the calcified 
segment to pulverise the superficial calcification.18 (2) 
Orbital atherectomy uses a catheter with an eccentri-
cally mounted diamond-coated crown that rotates and 
pulverises the superficial calcification.18 Potential compli-
cations of rotational and orbital atherectomy include coro-
nary perforation, dissection and embolisation of debris 
with risks of myocardial infarction or slow-flow/no-reflow 
phenomena.18 Atherectomy is affected by guidewire bias, 
which limits optimal preparation of the calcification.19 
(3) Cutting or scoring balloons (modified balloons) have 
superficially mounted blades or wires, respectively, that 
create indents and more controlled dissections in the 
plaque and calcification during inflation.18 By creating 
indents and dissections, the balloons expand in a focused 
location at less inflation pressure at a lower risk of asym-
metric expansion.20 A limitation of modified balloons is 
the restricted flexibility of the balloons through calcified 
segments. (4) Non-compliant high-pressure balloons 
are double layered and may deliver the very high pres-
sure required for dilatation of severely calcified lesions, 
but at a risk of rupture due to mechanical trauma.18 (5) 
Excimer laser is a technique that delivers gases and gener-
ates pulses of ultraviolet light that lead to ablation of the 
calcification. In severely calcified lesions, this technique 
has been shown effective in otherwise uncrossable lesions, 
but at a risk of perforation and slow-flow/no-reflow 
phenomena.21 (6) Balloon lithoplasty is a technique that 
delivers high-frequency pressure waves from a balloon 
inflated in the lesion at low pressure.19 The pressure 
waves propagate through the vessel wall to fracture the 
calcification. In severely calcified lesions, this technique 
has been shown effective and safe.19

No stent has been specifically designed for placement 
in calcified lesions. However, preliminary studies have 
indicated that second-generation drug-eluting stents are 

 on M
arch 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-063884 on 2 S

eptem
ber 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


3Torp Kristensen A, et al. BMJ Open 2022;12:e063884. doi:10.1136/bmjopen-2022-063884

Open access

superior to first-generation drug-eluting stents in calci-
fied lesions.10

Why is it important to do this review?
A wide range of treatment techniques are available to 
treat severely calcified lesions, but there is no consensus 
regarding the optimal choice in terms of efficacy or 
safety. Patients with calcified lesions compared with 
patients without calcifications are more often elderly or 
have complex lesions, diabetes mellitus or chronic kidney 
disease.4 For these reasons, patients with calcified lesions 
are often excluded from controlled studies and there is 
little evidence on how to treat these patients. Treatment 
algorithms have been proposed, but they have not been 
validated nor implemented internationally.18 22 23

Several reviews on percutaneous coronary interven-
tion techniques on calcified lesions have been published. 
These reviews are limited due to their use of non-
systematic searches, inclusion of non-randomised studies, 
non-adherence to Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines or 
focus on only a few selected treatment options (table 1). 
A preliminary search identified four randomised trials 
on calcified lesions that compare the use of atherectomy 
versus no atherectomy,24 atherectomy versus cutting or 
scoring balloons,25 non-compliant high-pressure balloons 
versus scoring balloons26 and paclitaxel-eluting stent 
versus bare-metal stent.7

Effective lesion preparation and stenting are considered 
vital predictors of short-term and long-term outcomes 
following percutaneous coronary intervention. So far, 
no systematic review has comprehensively examined all 
available percutaneous treatment options in patients with 
calcified coronary stenoses.

Objective
The objective of this review is to assess the beneficial and 
harmful effects of all percutaneous treatment options to 
treat calcified coronary lesions.

METHODS AND ANALYSES
The protocol is registered at PROSPERO (registration 
CRD42021226034) and the methodology is based on the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis-Protocols statement27 and the Cochrane 
Handbook of Systematic Review of Interventions.28 We 
plan to conduct the searches and analyses and to write 
the manuscript from November 2022 to February 2022.

Eligibility criteria
Study designs
Only randomised clinical trials will be included. Quasi-
randomised trials and cluster randomised trials will not 
be included.

Participants
We will include trials involving participants undergoing 
percutaneous coronary intervention on any native 

coronary artery de-novo stenosis due to ST-segment 
elevation myocardial infarction (STEMI), non-STEMI, 
unstable angina or chronic coronary artery disease. 
Participants must be enrolled in the trial based on 
grading of the severity of coronary calcification or the 
trial must report prespecified subgroup analyses based 
on the severity of lesion calcification. Any definition of 
the severity of calcification is accepted, but severity must 
correspond to moderate or severe to be eligible.

Interventions
Any method of performing percutaneous coronary 
intervention on a calcified coronary lesion including 
any specific predilatation, stenting or postdilatation 
technique will be included. For the control group, any 
relevant comparison (any head-to-head comparison with 
another method, usual care or no intervention) will be 
eligible. Any cointervention is accepted if it is planned to 
be applied similarly across intervention groups.

Outcomes
Primary outcomes
1.	 All-cause mortality.
2.	 Proportion of participants with one or more serious ad-

verse events. We will use the ‘International Conference 
on Harmonization of technical requirements for reg-
istration of pharmaceuticals for human use — Good 
Clinical Practice’ (ICH-GCP) definition of a serious ad-
verse event, which is any untoward medical occurrence 
that resulted in death, was life-threatening, required 
hospitalisation or prolonging of existing hospitalisa-
tion and resulted in persistent or significant disability 
or jeopardised the participant.29 If the trialists do not 
use this definition, we will include the data if the trial-
ists use the term ‘serious adverse event’. If the trialists 
do not use the ICH-GCP definition nor the term seri-
ous adverse event, then we will also include the data 
if the event clearly fulfils the ICH-GCP definition. We 
will second assess each type of serious adverse event 
separately.

Secondary outcomes
Patient oriented
1.	 Myocardial infarction (as defined by trialists).
2.	 Stroke (as defined by trialists).
3.	 Health-related quality of life (any validated continuous 

scale).
4.	 Proportion of participants with one or more non-

serious adverse events (any adverse event not classified 
as serious). We will exploratorily assess each adverse 
event separately.

5.	 Coronary angiography.

Device oriented
1.	 Target vessel myocardial infarction.
2.	 Target vessel revascularisation.

Exploratory outcomes
1.	 Any coronary revascularisation.
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2.	 In-stent restenosis (as defined by trialists).
3.	 Cardiovascular mortality (as defined by trialists).
4.	 Any physiological or imaging-derived measurement of 

improved myocardial perfusion after intervention.
5.	 Proportion of participants with failed or no stenting.
6.	 Use of bailout atherectomy, stent delivery, successful 

device crossing, study group crossover, study-defined 
procedural success.

7.	 Procedure duration, fluoroscopy time, contrast dose.

Assessment time points
We will assess outcomes at maximum follow-up.

Search strategy
One review author (ATK) will search Cochrane Central 
Register of Controlled Trials, Medical Literature Analysis 
and Retrieval System Online, Latin American and Carib-
bean Health Sciences Literature, Science Citation Index 
Expanded and Excerpta Medica database from inception 
to 31 October 2022. No restrictions based on language 
or year of publication will be applied. The search will be 
supplemented by manually screening the reference lists 
of included trials. The search strategy can be found in 
online supplemental file 1.

Data collection
The review will be reported as recommended by the 
PRISMA statement.30

Selection of studies
Two review authors (ATK and NTO) will independently 
screen search results based initially on title and abstract, 
then based on full-text review and provide reasons for 
exclusion of ineligible studies. Disagreements will be 
resolved through discussion, or by consulting a third 
person (JCJ).

Data extraction
Two review authors (ATK and NTO) will independently 
extract data from included trials. The reviewers will assess 
duplicate publications and companion papers of a trial 
together to evaluate all available data simultaneously.

From each trial, the following will be extracted: 
type of intervention, severity of calcification, trial 
design (parallel, factorial or crossover), number of 
experimental groups, length of follow-up, number 
of randomised participants, number of participants 
(analysed, lost to follow-up, withdrawn or crossover), 
outcome data (only data from last follow-up time), types 
of comorbidities, age range, sex ratio and risk of bias 
domains (see below).

Assessment of risk of bias
Risk of bias will be evaluated by the Cochrane Risk of Bias 
tool (V.2) using five bias domains, each classified as either 
low risk of bias, some concerns or high risk of bias.31 Bias 
assessment will be conducted on an outcome level.

Bias arising from the randomisation process
Low risk of bias: adequately concealed allocation and 
absence of baseline imbalances between groups, and 
random or unpredictable method to generate the alloca-
tion sequence. Some concerns: (1) adequately concealed 
allocation and a problem with the method of sequence 
generation or baseline imbalances that suggest a prob-
lematic randomisation process, or (2) if no information 
is provided about concealment of allocation and baseline 
imbalances appear to be compatible with chance or (3) if 
no information to answer any of the signalling questions. 
High risk of bias: (1) allocation sequence not adequately 
concealed or (2) there is no information about conceal-
ment of the allocation sequence and baseline imbalances 
that suggest a problem with the randomisation process.

Bias due to deviation from intended interventions
Low risk of bias: (1) if participants, carers and people 
delivering the interventions were unaware of randomisa-
tion groups during the trial or (2) aware of intervention 
groups during the trial but deviations from the intended 
were usual practice, or unlikely to impact the outcome and 
no participants were analysed in a group that the partic-
ipant was not assigned to. Some concerns: participants, 
carers and people were aware of intervention groups and 
(1) there was no information on whether there were devi-
ations from the intended interventions or (2) there were 
deviations from the interventions but the deviations were 
not likely to have affected outcome, or were balanced 
between the groups. High risk of bias: participants, carers 
or people were aware of the intervention groups during 
the trial and there were deviations from the intended 
interventions that were unbalanced between the groups 
and likely to have affected the outcome, or some partic-
ipants were analysed in the wrong intervention group, 
and there was potential for substantial impact on the esti-
mated effect size.

Bias due to missing outcome data
Low risk of bias: data were available for all, or nearly all 
randomised participants or there is evidence that the 
result was not biased by missing data or that missingness 
in the outcome could not depend on its true value. Some 
concerns: an unclear degree of missing data and there is 
no evidence that the effect estimate is robust to missing 
data. High risk of bias: high degree of missing data, differ-
ential missing data and no evidence that the effect esti-
mate is robust to missing data.

Bias in measurement of outcomes
Low risk of bias: outcome assessors were unaware of the 
intervention received by study participants, or aware but 
were unlikely to be influenced by this knowledge. Some 
concerns: no information available to determine if the 
outcome is likely influenced by knowledge of the inter-
vention received. High risk of bias: the outcome assess-
ment was likely to be influenced by knowledge of the 
intervention received.
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Bias arising from selective reporting of results
Low risk of bias: reported outcome data was unlikely 
to have been selected on the basis on the results from 
multiple outcome measurements. Some concern: insuf-
ficient information available to rule out the possibility of 
selective outcome reporting on the basis of the results 
from multiple outcome measurements. High risk of bias: 
reported data are likely to have been selected on the basis 
of the results from multiple outcome measurements or 
analyses.

Overall assessment of risk of bias
Low risk of bias: if the study is judged as low risk across 
all domains. High risk of bias: if the study is judged as 
some concerns or high risk of bias in at least one domain. 
If a trial is sponsored by the industry and or if just one 
author has affiliation to the industry, the publication will 
be judged as having some concern or high risk of for-
profit bias. The domains 3, 4 and 5 will be assessed for 
each outcome result.

Differences between the protocol and review
The review will be conducted according to this published 
protocol and any deviations from the protocol and their 
reasons will be stated in the review.

Measurement of treatment effect
Continuous outcomes
Mean differences with 95% CI and trial sequential anal-
ysis adjusted 95% CI will be calculated.

Dichotomous outcomes
Risk ratios (RRs) with 95% CI and trial sequential analysis 
adjusted 95% CI will be calculated.

Dealing with missing data
Trialists will be contacted to obtain relevant missing data.

Assessment of heterogeneity
Signs of heterogeneity will primarily be assessed by forest 
plots, and second by the I2 statistic31–33 and the restricted 
maximum likelihood method.34 35 It may be decided that 
meta-analysis is inappropriate if heterogeneity is high.

Data synthesis
Results of each type of intervention will be analysed sepa-
rately based on intention-to-treat data. Rstudio and Stata 
V.16 (StataCorp LLC) will be used for analyses.

Meta-analysis
Meta-analysis will be conducted according to the 
Cochrane Handbook of Systematic Reviews of Inter-
ventions,31 Keus et al,36 and Jakobsen et al37 and supple-
mented by trial sequential analysis. Intervention effects 
will be analysed with both a random-effects and fixed-
effect meta-analysis for each comparison. The estimate 
with the highest p value will be primarily used. Because 
we assess two primary outcomes, we will consider a p value 
of 0.03 or less as statistically significant.37

Trial sequential analysis
Trial sequential analysis is a test of the statistical reliability 
of data in meta-analyses. Trial sequential analysis adjusts 
significance levels for sparse data and controls the risk 
of both type I and type II errors due to accumulating 
data.38 Trial sequential analysis will be performed on 
all outcomes to calculate the required information size 
(number of participants required in the meta-analysis 
to confirm or reject a given intervention effect) and the 
cumulative Z-curve’s breach of relevant trial sequential 
monitoring boundaries.38 39 For dichotomous outcomes, 
the required information size will be calculated based on 
the observed proportion of patients with an outcome in 
the control group, a relative risk reduction or increase of 
25%, an alpha of 3.3% for all outcomes, a beta of 10%, 
and the observed diversity as suggested by the trials in the 
meta-analysis. For continuous outcomes, the information 
size will be calculated based on the observed SD, a mean 
difference equal to the observed SD/2, an alpha of 3.3% 
for all outcomes, a beta of 10%, and the observed diver-
sity as suggested by the trials in the meta-analysis.

Network meta-analysis
The synthesis comparator consists of all the interventions 
listed in the Eligibility criteria section, as well as placebo, 
standard care, no intervention, or ‘active placebo’ 
trials. Interventions will be analysed separately and not 
grouped. The characteristics of the trials and their popu-
lations will be described by frequencies and percentages 
for dichotomous data and means with SD for continuous 
data. Descriptive statistics for each treatment compar-
ison will be generated describing important clinical and 
methodological characteristics. Each outcome dataset 
will be presented in a separate network diagram, where 
the size of the nodes is proportional to the total number 
of participants, and the width of each line corresponds 
to the number of studies comparing the connected treat-
ments. Furthermore, the connecting lines will be marked 
according to the average risk of bias per treatment compar-
ison, using green for low, yellow for moderate and red for 
high risk of bias. It is assumed that any participant who 
meets inclusion criteria is equally likely to be randomised 
to each intervention in the comparator set. The analyses 
will be conducted using Stata under frequentist frame-
work (command: mvmeta).40

Network meta-analysis will only be conducted if a 
connected network of trials can be constructed. If 
conducted, the assumptions of transitivity and consis-
tency will be assessed prior to analysis. The assumptions 
will be assessed in five steps. First, a network geometry 
will be drawn to review the network relationship. Second, 
the transitivity assumption across treatment comparisons 
will be assessed using boxplots. The assumption of consis-
tency will be evaluated using the design-by-treatment 
interaction model as a global test.41 42 Third, a network 
forest or interval plot is made to illustrate the summary 
effect size of the comparative effectiveness of the inter-
ventions. Fourth, is to calculate the cumulative rankings 
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to identify a superiority among interventions. Fifth, is to 
evaluate publication bias or effect modifiers for a valid 
inference from results. Effects estimates will be reported 
using relevant effect size (RR, mean difference, or stan-
dardized mean difference), a 95% CI, and a 95% predic-
tion interval.

Planned subgroup analyses
For trials comparing stent types, the following categories 
will be applied: (1) bare-metal stents, (2) first-generation 
drug-eluting stents and (3) later-generation drug-eluting 
stents.

Summary of findings table
For each prespecified outcome, a summary of findings 
table will be created. The five Grading of Recommen-
dations, Assessment, Development and Evaluations 
(GRADE) considerations (bias risk, consistency of the 
effect, imprecision, indirectness and publication bias) 
will be used to assess the certainty of the evidence.43 
Imprecision will be assessed using trial sequential anal-
ysis. All downgrading of the certainty of the evidence will 
be justified in writing.

Patient and public involvement statement
Patients were not directly involved in the planning of this 
study.

DISCUSSION
Coronary calcifications complicate all aspects of percu-
taneous coronary intervention and are a risk factor for 
short-term and long-term complications.9 11 Several treat-
ment options exist, but there is no consensus regarding 
the optimal choice of treatment strategy. This systematic 
review with meta-analysis, trial sequential analysis and 
network meta-analysis aims to assess the beneficial and 
harmful effects of all percutaneous treatment options in 
the treatment of calcified coronary lesions.

This protocol has several methodological strengths. 
First, the methodology is predefined and based on the 
PRISMA guidelines27 and the Cochrane Handbook for 
Systematic Reviews of Interventions.31 Second, risk of 
bias will be assessed, and significance thresholds will be 
adjusted to control for random and systematic errors. The 
primary limitation of the review is the combined assess-
ment of all available interventions, which may require 
many analyses and cause problems with multiplicity. The 
results of the review will be interpreted considering this 
increased risk of type 1 errors.

ETHICS AND DISSEMINATION
No ethics approval is required for this study. The results 
of this study will be published in peer-reviewed academic 
journals in this field.
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