
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Quality and transparency of evidence for 
implantable cardiovascular medical devices 
assessed by the CORE-MD consortium
George C.M. Siontis  1, Bernadette Coles2, Jonas D. Häner1, Laurna McGovern  3, 
Joanna Bartkowiak1, J.J. Coughlan3,4, Alessandro Spirito5, Roberto Galea1, 
Andreas Haeberlin  1, Fabien Praz  1, Daijiro Tomii1, Tom Melvin6, André Frenk1, 
Robert A. Byrne3, Alan G. Fraser7, and Stephan Windecker  1*; for the CORE-MD 
Investigators
1Department of Cardiology, Bern University Hospital, Inselspital, University of Bern, Freiburgstrasse 18, CH–3010 Bern, Switzerland; 2Velindre University NHS Trust Library and Knowledge 
Service, Cardiff, UK; 3Department of Cardiology and Cardiovascular Research Institute (CVRI) Dublin, Mater Private Network, Dublin, Ireland; 4School of Pharmacy and Biomolecular 
Sciences, RCSI University of Medicine and Health Sciences, Dublin, Ireland; 5Zena and Michael A. Wiener Cardiovascular Institute, Icahn School of Medicine at Mount Sinai, New York, NY, 
USA; 6School of Medicine, Trinity College Dublin, Ireland; and 7Department of Cardiology, University Hospital of Wales, Cardiff, UK

Received 16 May 2023; revised 15 August 2023; accepted 21 August 2023; online publish-ahead-of-print 28 August 2023

See the editorial comment for this article ‘Quality and transparency of clinical evidence for high-risk cardiovascular medical devices: a long 
way to go’, by P. Szymański and R. Redberg, https://doi.org/10.1093/eurheartj/ehad786.

Abstract

Background and 
Aims

The European Union Medical Device Regulation 2017/745 challenges key stakeholders to follow transparent and rigorous 
approaches to the clinical evaluation of medical devices. The purpose of this study is a systematic evaluation of published 
clinical evidence underlying selected high-risk cardiovascular medical devices before and after market access in the 
European Union (CE-marking) between 2000 and 2021.

Methods Pre-specified strategies were applied to identify published studies of prospective design evaluating 71 high-risk cardiovascu-
lar devices in seven different classes (bioresorbable coronary scaffolds, left atrial appendage occlusion devices, transcatheter 
aortic valve implantation systems, transcatheter mitral valve repair/replacement systems, surgical aortic and mitral heart 
valves, leadless pacemakers, subcutaneous implantable cardioverter-defibrillator). The search time span covered 20 years 
(2000–21). Details of study design, patient population, intervention(s), and primary outcome(s) were summarized and as-
sessed with respect to timing of the corresponding CE-mark approval.

Results At least one prospective clinical trial was identified for 70% (50/71) of the pre-specified devices. Overall, 473 reports of 308 
prospectively designed studies (enrolling 97 886 individuals) were deemed eligible, including 81% (251/308) prospective 
non-randomized clinical trials (66 186 individuals) and 19% (57/308) randomized clinical trials (31 700 individuals). Pre-regis-
tration of the study protocol was available in 49% (150/308) studies, and 16% (48/308) had a peer-reviewed publicly available 
protocol. Device-related adverse events were evaluated in 82% (253/308) of studies. An outcome adjudication process was 
reported in 39% (120/308) of the studies. Sample size was larger for randomized in comparison to non-randomized trials 
(median of 304 vs. 100 individuals, P < .001). No randomized clinical trial published before CE-mark approval for any of the 
devices was identified. Non-randomized clinical trials were predominantly published after the corresponding CE-mark ap-
proval of the device under evaluation (89%, 224/251). Sample sizes were smaller for studies published before (median of 31 
individuals) than after (median of 135 individuals) CE-mark approval (P < .001). Clinical trials with larger sample sizes (>50 
individuals) and those with longer recruitment periods were more likely to be published after CE-mark approval, and were 
more frequent during the period 2016–21.
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Conclusions The quantity and quality of publicly available data from prospective clinical investigations across selected categories of car-
diovascular devices, before and after CE approval during the period 2000–21, were deemed insufficient. The majority of 
studies was non-randomized, with increased risk of bias, and performed in small populations without provision of power 
calculations, and none of the reviewed devices had randomized trial results published prior to CE-mark certification.

Structured Graphical Abstract

What is the published clinical evidence for high-risk (Class III) cardiovascular medical devices before and after market access in the
European Union (CE marking) during the period 2000-2021?

No randomized clinical trial (RCT) of 71 widely-used cardiovascular devices had been conducted and reported prior to the date of 
CE-mark approval between 2000 and 2021. The vast majority of prospective studies were non-randomized in design and were published 
predominantly after CE-mark.

The essential preconditions for evidence-based medicine are the conduct of high quality clinical trials with clinical data published
irrespective of the results. Larger and better-designed clinical trials of high-risk cardiovascular devices should be conducted and reported 
timely.

Key Question

Key Finding

Take Home Message

71 high-risk cardiovascular medical devices approved in Europe, grouped into 7 classes

Systematic evaluation of published
clinical evidence between

2000 and 2021

Outcomes
adjudicated in
39% of studies

19% of the
studies

were RCT

Only 9% of the studies
were published
before CE-mark

No prospective 
clinical trial found 

for 30% of the devices

308 prospectively
designed studies

Device-related
adverse events evaluated

in 82% of studies

No RCT available
before CE-mark for the
corresponding device

Systematic evaluation of published clinical trials with prospective design for 71 high-risk cardiovascular devices during the period 2000–21.

Keywords High-risk medical devices • Class III medical devices • Implantable devices • Cardiovascular devices • Conformité 
Européenne • Medical Device Regulation • European Union

Introduction
A primary goal of the Medical Device Regulation (MDR) enacted in 
the European Union in 2017 [(EU) 2017/745] is to increase the 
quantity and improve the quality of clinical evidence to support 
the use of new high-risk medical devices. The previous medical de-
vice directives required manufacturers to demonstrate safety and 
performance of their devices, with a positive ratio of benefit to 

risk, but there were few specific requirements relating to methods 
for clinical evaluation.

Some insights have been obtained from studies of medical devices 
submitted for regulatory approval by the Food and Drug 
Administration (FDA) in the USA. For example, during the period 
2000 to 2007 only 31% of 78 pre-market approvals were supported 
by evidence from more than one randomized clinical trial (RCT).1

This contrasts with new drugs which are usually approved only after 
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evidence of their safety and efficacy has been established in large rando-
mized trials. Until recently, approval of high-risk medical devices in the 
EU was granted on the basis of limited data related to proof of their 
mechanism of action, with a reliance on post-market surveillance to 
identify safety or efficacy issues.2–4

An overview of clinical trial characteristics and methodologies 
underlying the approval of high-risk medical devices in the EU under 
the previous Medical Device Directive (93/42/EEC) may be useful to 
better understand practices applied in the past and to provide a plat-
form on which to consider recommendations during implementation 
of the MDR. As part of the Coordinating Research and Evidence for 
Medical Devices (CORE-MD) consortium,5 we aimed to: (i) systemat-
ically review published clinical investigations of a pre-specified selec-
tion of 71 high-risk (Class III) cardiovascular medical devices before 
and after CE-mark approval—mostly under the previous EU 
Medical Device Directive 93/42/EEC—in order to assess the quality 
and quantity of published clinical data around the milestone of 
CE-mark approval and during post-market surveillance; and (ii) iden-
tify differences in study designs before and after CE-mark approval 
during the period 2000–21.

Methods
The study was performed according to a pre-specified protocol registered 
in PROSPERO (CRD42022308593) and available on the website of the 
CORE-MD consortium (www.core-md.eu). We reported as recom-
mended by the PRISMA and SWiM reporting guidelines (Preferred 
Reporting Items for Systematic Review and Meta-Analysis protocols6; and 
Synthesis Without Meta-analysis in systematic reviews7).

High-risk cardiovascular medical devices
We aimed to evaluate a representative sample of classes of devices widely 
used in the EU for the management of common medical cardiovascular con-
ditions. The included devices of interest all received CE-mark approval dur-
ing the last 20 years. The final list of devices was defined in consensus with 
members of the CORE-MD consortium from different disciplines. We se-
lected the groups of devices based on the incidence of the disease and re-
sulting market volume, the impact of the device on the corresponding 
medical conditions, and devices that respond to an unmet need. We did 
not include coronary drug-eluting stents because a comprehensive system-
atic review was performed in 2015 under the auspices of the European 
Society of Cardiology (ESC), in response to a request by the Clinical 
Investigation and Evaluation Working Group of the European 
Commission. This review was published with recommendations for future 
clinical trial methodology.8

We systematically reviewed published clinical evidence for 71 long- 
term implantable devices from seven types of Class III devices in the field 
of cardiovascular medicine including as follows: bioresorbable vascular 
scaffolds (BVS) for percutaneous treatment of coronary artery disease; 
left atrial appendage occlusion (LAAO) devices for thromboembolic 
stroke prevention; transcatheter aortic valve implantation (TAVI) systems 
for the treatment of severe symptomatic stenosis of native aortic valves; 
transcatheter mitral valve repair/replacement (TMVR) devices for the 
treatment of native mitral valve regurgitation; surgical heart valve replace-
ment devices for native aortic and mitral valve pathologies; leadless pace-
makers; and subcutaneous implantable cardioverter-defibrillator (S-ICD). 
A summary of the pre-specified devices of interest along with the respect-
ive manufacturer and the CE-mark approval dates is provided in 
supplementary data online, Appendix S1. Device modifications resulting 
in relabelling or expanded indications were captured along the lifecycle 
of a given device.

Information sources, search strategies, and 
study eligibility criteria
Individual search strategies for each device category (class) were adapted to 
retrieve available peer-reviewed publications of interest from different on-
line bibliographic databases. We searched MEDLINE (OVID), EMBASE 
(OVID), and the Cochrane Central Register of Controlled Trials 
(CENTRAL) (Wiley) with device-sensitive search algorithms and consider-
ing each iteration of a specific device separately. The detailed search algo-
rithms are provided in supplementary data online, Appendix S2. For each 
device of interest and subsequent device iterations we considered the 
date of the first CE-mark approval (see supplementary data online, 
Appendix S1), which was defined from press releases available online, infor-
mation provided by regulatory sources such as notified bodies, and by per-
sonal communications with the corresponding manufacturers. The time 
span of our searches was 20 years (from 1 January 2000 to 31 August 
2021), enabling a review of both the contemporary body of clinical evidence 
available for each device around the milestone of CE-mark approval and the 
evidence relevant to post-market surveillance.

We summarized trials of any prospective design (non-randomized or 
randomized clinical trials) in humans. We included reports of trials that de-
fined a prospective design and studies that clarified the evaluation of the in-
dexed device by protocol before patients were recruited and after ethics 
committee approval had been obtained. Eligible trials either evaluated at 
least one of the devices of interest in comparison to any control group [ac-
tive intervention, sham-procedure, or no intervention (medical therapy)] or 
evaluated the device(s) of interest in a single-arm prospective study. Clinical 
trials of any sample size were considered. Different reports of the same 
prospective study were identified and jointly considered, only if the corre-
sponding sub-analysis was pre-specified. For devices related to heart valve 
interventions, we included clinical trials evaluating the device of interest 
only in native anatomical valve structures. Studies reporting the results of 
combined interventions with one or more of the devices of interest were 
not considered. We excluded RCTs which aimed to investigate other med-
ical interventions in patients that received one of the medical devices of 
interest in the absence of randomization/clinical investigation on device le-
vel. We also excluded case reports including case series, compassionate use 
reports, reviews, systematic reviews, meta-analyses, and expert opinion 
documents. We did not apply any language restrictions.

Initial eligibility assessment at the title and abstract level was performed by a 
single reviewer. A second reviewer independently checked the initially identi-
fied reports for eligibility. After screening at a title and abstract level, full texts 
of potentially relevant articles were obtained in order to finally determine eli-
gibility. The initial reviewer retrieved the potentially eligible studies in full text, 
and a list of eligible studies was set. The full texts of all potentially eligible studies 
at title/abstract level were reviewed by a second reviewer. The list of finally eli-
gible studies was also reviewed by the second reviewer. Whenever uncertainty 
occurred in any step of the review process, a third reviewer was consulted and 
the final decision was made based on consensus.

Data abstraction, processing, and risk-of-bias 
assessment
Data abstraction from eligible studies was performed at a study level in pre- 
specified forms, which were calibrated as appropriate due to the heterogen-
eity of eligible studies, after pilot data extraction of 5% of the eligible studies 
from each class of devices. We extracted information relating to study de-
sign, study population, intervention(s), comparators, and evaluated out-
comes. A detailed list of extracted items is provided in supplementary 
data online, Appendix S3. Different eligible reports of the same study (i.e. dif-
ferent reports of the same prospective clinical study or different reports of 
the same RCT) were treated as a single entity for data extraction purposes. 
We assessed the risk of bias in the results of non-randomized and rando-
mized studies that evaluated the indexed device and at least another inter-
vention, by using the dedicated tools of Risk Of Bias In Non-Randomized 
Studies of Interventions (ROBINS-I)9 and Risk of Bias (RoB) 2,10 respectively.
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Data analysis
Reports of different timepoints of follow-up that corresponded to the same 
study population were considered as a single entity for the purposes of this 
analysis. Using descriptive statistics, we summarized study characteristics for 
the overall sample of studies and for each class of device separately. Nominal 
data were summarized using counts with percentages. The distribution of 
the continuous variables was assessed by quantile vs. quantile plots. 
Normally distributed continuous data were reported as mean and standard 
deviations (SDs). Non-normally distributed continuous data were reported 
as medians and interquartile ranges (IQRs). Cross-tabulations were used to 
evaluate differences in characteristics between studies of different design 
and studies published before and after CE-mark approval. The above com-
parisons between independent groups of studies were performed with 
Fisher’s exact test for categorical data of unpaired samples, Mann– 
Whitney U test for continuous data, and Kruskal–Wallis analysis of variance 
for more than two groups of comparison. Finally, multivariable logistic re-
gression models for the entire sample of studies addressed the relationship 
of study sample size (>50 individuals), multicentre studies, year of publica-
tion, duration of recruitment period, and pre-registration in dedicated plat-
forms adjusted for study design and funding source (industry or other 
sources), with the study publication date after CE-mark approval of the cor-
responding device as binary dependent variable. All data wrangling and ana-
lyses were performed using R 4.2.3 (R Core Team, www.R-project.org/). 
P-values are two-tailed. All P-values were considered significant at the con-
ventional nominal level of <.05.

Patient involvement
No information on individual patients was considered in the current analysis. 
Another task within the CORE-MD consortium will address issues related 
to patient involvement in clinical evaluations of high-risk medical devices.

Funding and data sharing process
The project is supported by a grant from the European Union (CORE-MD, 
Grant Agreement 965246, European Union Horizon 2020 project) and in-
stitutional grants from Bern University Hospital, Inselspital, Bern, 
Switzerland. The abstracted information from the included studies is pub-
licly available, and is provided as supplementary material data online to 
this manuscript.

Results
Eligible clinical trials across all classes of 
devices
The detailed study-selection flowchart across all classes of high-risk car-
diovascular devices is provided in supplementary data online, Appendix 
S4. A total of 44 774 records were scrutinized by title and abstract level. 
Some clinical reports used the terminology ‘prospective’ in the absence 
of clear documentation such as protocol availability prior to patient in-
clusion, ethics committee approval, trial registration, protocol publica-
tion, or pre-defined patient selection criteria highlighting suboptimal 
reporting of clinical trials. Finally, 473 reports of 308 unique prospect-
ively designed studies were deemed eligible for inclusion (see 
supplementary data online, Appendix S4). We identified at least one 
prospective study for 70% (50 out of the 71) of the pre-specified de-
vices. The classes of devices with the largest number of included trials 
were coronary bioresorbable scaffolds (78 unique trials) and TAVI sys-
tems (76 unique trials). The number of included trials for the five re-
maining classes of devices ranged from 18 (leadless pacemaker) to 41 
(devices for LAAO) (see supplementary data online, Appendices S5, 
S6 and S7). Within each class of device, trials of one or two landmark 
devices were dominant.

Characteristics of eligible clinical trials
Summary characteristics are provided for the whole sample of 308 clin-
ical trials, and for each class of high-risk cardiovascular device separate-
ly, in Table 1. Detailed study-level characteristics are available in 
supplementary data online, Appendices S7 and S8. We identified 251 
(81%) reports of prospective non-randomized trials and 57 (19%) re-
ports of RCTs that evaluated at least one of the pre-specified high-risk 
cardiovascular devices. For the class leadless pacemaker, we found no 
randomized clinical trial. Although we chose devices that had under-
gone EU conformity assessment and obtained their CE-mark through-
out a period of 20 years (2000–21), the vast majority of eligible 
prospective trials was published during the last 5 years [215 trials out 
of 308 (70%) between 2016 and 2021].

The median (IQR) sample size of the eligible trials was 120 (45–344), 
with a range from 9 to 3231 individuals. The accumulated sample of indi-
vidual patients was 97 886 (66 186 for non-randomized trials and 31 700 
for RCTs), and ranged from 2740 for the class of leadless pacemaker to 
32 069 for the class of TAVI devices (Figure 1). The majority of the in-
cluded clinical trials [57% (175 out of 308)] was conducted in Europe 
and 11% (33 out of 308) of studies were conducted solely in North 
America. The median (IQR) duration of recruitment was 1.8 (1.0–2.8) 
years. Half of the trials (52%) were funded solely by industry. 
Pre-registration of the study protocol was available in 49% of included 
studies, and 16% provided a peer-reviewed publicly available protocol. 
A prospective design was claimed by the authors for the remaining clinical 
trials (51% of the entire study sample), without a pre-registered study 
protocol being available/reported. The most reported method for analysis 
and interpretation of the findings was using a frequentist framework.

The primary outcome was a clinical endpoint in 67%, and a compos-
ite endpoint in 37% of the clinical trials. A surrogate outcome was con-
sidered as a single outcome, or component of a composite outcome, in 
23% of studies. Different scales of quality of life measurements were re-
ported in 7% of included clinical trials (Table 1). Device-related adverse 
events were reported in 253 out of 308 (82%) of the primary study re-
ports. Sex- and age-specific subgroup analyses were provided in 8% and 
7% of studies, respectively. An outcome adjudication process was re-
ported in 39% of included clinical trials.

Risk-of-bias assessment for the clinical trials comparing at least two 
interventions is provided in Figure 2 and supplementary data online, 
Appendix S9. Seventy-three per cent of the non-randomized studies 
of interventions were judged to be at a critical level of risk, and 16% 
of the RCTs were judged to be at a high risk of bias. Among the 308 
clinical trials, we identified 10 that were terminated early. The reasons 
for early termination of these studies reported by their authors are 
provided in supplementary data online, Appendix S10. All were rando-
mized trials, and in 7 of the 10 studies the index device was the Absorb 
BVS, which was withdrawn by the manufacturer due to safety and per-
formance concerns (increased risk of scaffold-related thrombosis).2

Differences between prospective 
randomized and non-randomized clinical 
trials
Randomized clinical trials were larger than non-randomized studies in 
our sample [median (IQR) sample sizes 304 (120–750) vs. 100 (39– 
222), P < .001], and they were more often multicentre (74% vs. 54%) 
(P = .022) (Table 2). Pre-registered or published peer-reviewed study 
protocols were more often available for randomized clinical trials 
(P < .001 for both characteristics). Power calculations were reported 
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for 84% of randomized trials compared with 6% of non-randomized 
clinical trials (P < .001).

The two groups of study design were comparable in terms of geo-
graphic area, year of publication, and duration of recruitment period. 
Industry-related funding was disclosed in 70% of randomized clinical 
trials and in 48% of non-randomized clinical trials (P = .002 for 
industry-related vs. other resources).

Composite primary endpoints were chosen more often in rando-
mized compared to non-randomized clinical trials (51% vs. 33%, 
P = .033). Surrogate endpoints were considered either as single 

outcomes or as component of composite endpoints in 36% of the ran-
domized and 19% of the non-randomized clinical trials (P = .005). 
Device-related adverse events were commonly evaluated in both study 
design groups (82% for non-randomized vs. 84% for randomized clinical 
trials) (P = .848). Sex- and age-subgroup analyses were provided more 
often in randomized than in non-randomized clinical trials (P < .001 for 
both characteristics). Outcome adjudication was reported more fre-
quently in RCTs compared to non-randomized studies (P < .001), but 
was only reported in 65% (37 out of 57) of the randomized studies 
(Table 2).
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Figure 1 Cumulative number of patients recruited in prospective clinical trials evaluating 71 high-risk cardiovascular devices over the period of 20 
years and included in our evaluation. Panel A shows the cumulative number of patients recruited between 2000 and 2021 in prospective studies of 
high-risk cardiovascular devices, with cumulative sample of 66 186 individuals and 31 700 individuals for prospective non-randomized studies and ran-
domized clinical trials, respectively. Panel B shows the cumulative number of patients recruited between 2000 and 2021 in prospective studies of high- 
risk cardiovascular devices stratified according to the class of devices (cumulative sample of 25 262 individuals for BVS, 10 360 individuals for LAAO 
devices, 32 069 individuals for TAVI devices, 3543 individuals for TMVR devices, 15 630 individuals for surgical heart valves, 2740 individuals for leadless 
pacemaker, 8282 individuals for S-ICD). Each colour represents a different class of high-risk devices as indicated in the labels. RCT, randomized clinical 
trials; BVS, bioresorbable vascular scaffolds; LAAO, left atrial appendage occlusion; TAVI, transcatheter aortic valve implantation; TMVR, transcatheter 
mitral valve repair/replacement; SHV, surgical heart valve; S-ICD, subcutaneous implantable cardioverter-defibrillator

168                                                                                                                                                                                                Siontis et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/45/3/161/7249156 by guest on 06 January 2025



Evidence accumulated before and after 
CE-mark approval
We did not identify any RCT published before any of the 71 devices had 
received CE-mark approval. Among the included studies, non-randomized 
prospective clinical trials were also published mostly after approval of the 
device under evaluation (224 out of 251 studies) (Table 3, Figure 3). Studies 
conducted before approval were generally published shortly before the 
date of CE-marking [median (IQR) of 1.84 (0.49–3.0) years] whereas stud-
ies published after CE-marking continued to be published over a long time 
period after the date of CE-marking [4.84 (3.08–7.06) years] (P < .001 for 
comparison) (Figs. 3 and 4).

The distribution of sample sizes differed considerably between stud-
ies published before [median (IQR) of 31 (20–64)], and after [135 (51– 
436)], CE-mark approval (P < .001). The number of prospective clinical 
trials of any design increased after the corresponding CE-mark approv-
al, especially during the last five years (2016–21) of the 20-year period 
of interest (Table 3, Figure 4). The duration of the recruitment period 
was longer for studies published after the CE-mark timepoint [1.9 
(1.0–3.0) vs. 1.2 (0.7–1.6) years] (P = .004). We found no differences 
in other study characteristics, assessed outcomes, and interventions.

In multivariable logistic regressions, reports of clinical trials that were 
published after CE-mark approval were likely to be larger [>50 partici-
pants, odds ratio (95% confidence interval) 6.5 (2.7–16.4), P < .001] and 
to have been reported during the last quartile (2016–21) of the study 
time span [8.3 (1.2–53.1), P < .027]. Compared with single-centre stud-
ies and studies without pre-registered protocols, multicentre studies 
[1.24 (0.42–3.55), P = .692] and studies with pre-registered protocols 
[1.27 (0.41–3.45), P = .642] did not have higher odds for publication 
after the corresponding CE-mark approval date.

Discussion
The lack of transparency about regulatory decisions within Europe has 
made it difficult to disprove the perception that high-risk medical devices 
have been approved on the basis of limited clinical evidence. The present 

study has suggested that assertion may indeed be true. Assuming that 
the published literature accurately (even if incompletely) reflects what 
is known, then our systematic review has demonstrated that no RCT 
of 71 widely used cardiovascular devices had been conducted and re-
ported prior to their CE-marked dates of approval between 2000 and 
2021. The results of the vast majority of prospective studies, which 
were mostly non-randomized in design, became publicly available only 
after the devices had been approved. Even then, no prospectively de-
signed studies were identified for nearly one-third of the high-risk car-
diovascular devices that we investigated (Structured Graphical Abstract).

Accumulation and transparency of data for 
high-risk medical devices
The essential preconditions for evidence-based medicine are that clin-
ical data irrespective of the results must be collected and pub-
lished.4,11,12 In this systematic review, we could not determine the 
clinical evidence that had been collected by manufacturers and submit-
ted for approval of their new devices, given that this information is con-
fidential, but we could assess all prospective studies that had been 
published (usually after CE-marking).

In the EU, the procedure for approving a new high-risk medical de-
vice is known formally as a Conformity Assessment, and it is conducted 
by an inspection company that has been designated (‘notified’) by its na-
tional competent authority to perform that task.3,4 If the data in the file 
that is submitted by the manufacturer are considered to satisfy the re-
quirements set by EU legislation and international standards, then the 
notified body will issue a ‘certificate of conformity’ which is a prerequis-
ite for the manufacturer to market its device in the EU market. In this 
paper we have used the term ‘CE-marking’ to refer to this whole pro-
cess. As independent commercial organisations the notified bodies are 
exempted from EU laws requiring freedom of public access to informa-
tion.4 Moreover, the previous Medical Device Directive (93/42/EEC) 
applied a presumption of confidentiality which prevented notified bod-
ies from disclosing information submitted by manufacturers, and that 
provision has been retained in the new regulation. The non-availability 

High
(15.8%)

Low
(59.6%)

Some concerns
(24.6%)

ROB 2
(n=57)

Moderate
(7%)

Critical
(73%)

Serious
(20%)

ROBINS I
(n=15)

Figure 2 Risk-of-bias assessment for non-randomized and randomized clinical trials. Circular statistical graphics to illustrate the numerical proportions 
of different levels of risk of bias in trials that compared two or more interventions, as it has been quantified by the ROBINS-I tool for non-randomized 
trials9 and by the RoB 2 tool for randomized clinical trials.10 Study level assessment is available in supplementary data online, Appendix S9. In each pie chart, 
the arc length of each slice (and consequently its central angle and area) is proportional to the quantity it represents
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Table 2 Differences in study characteristics between prospective non-randomized and randomized clinical trials

Prospective non-randomized  
clinical trials (n = 251)

Randomized clinical  
trials (n = 57)

P-value for  
difference

Study characteristics

CE-mark approval, n (%)

Published before CE-mark approval 27 (11) 0 0.004

Published after CE-mark approval 224 (89) 57 (100) .004

Sample size

Median (IQR) 100 (39–222) 304 (120–750) <.001

Min/max 9/3231 13/2604

Multicentre, n (%) 135 (54) 42 (74) .022

Geographic area, n (%) .507

Europe 147 (59) 28 (49)

North America 25 (10) 8 (14)

Asia-Pacific 23 (9) 5 (9)

Multiple/other 56 (22) 16 (28)

Publication year (Epub) .671

2000–05 1 (0) 0

2006–10 11 (4) 2 (4)

2011–15 65 (26) 14 (25)

2016–21 174 (70) 41 (71)

Duration of recruitment period (years)

Median (IQR) 1.7 (1.0–2.8) 2.0 (1.1–2.9) .326

Min/max 0.1/16.9 0.2/5.8

Funding source, n (%) <.001a

Industry 121 (48) 40 (70)

Non-industry 61 (24) 11 (19)

Both 5 (2) 5 (9)

None declared 64 (25) 1 (2)

Pre-registered protocol in dedicated platform, n (%) 103 (41) 47 (82) <.001

Published peer-reviewed protocol, n (%) 25 (10) 23 (40) <.001

Follow-up duration (primary publication) (months)

Mean (SD) 13 (19) 13 (10) .066

Min/max 1/204 1/49

Intention-to-treat analysis in randomized trials, n (%)b 0 47 (82) nc

Power calculations available, n (%) 15 (6) 48 (84) <.001

Interim analysis planned, n (%) 7 (3) 8 (14) .002

Final statistical analysis, n (%)c

Frequentist 249 (99) 52 (91) .001

Bayesian 1 (0.5) 5 (9)

Both 1 (0.5) 0

Continued 
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of the Clinical Evaluation Report submitted by a manufacturer to its no-
tified body, and of the Clinical Evaluation Assessment Report prepared 
by the notified body, continues to impede independent analyses of the 
clinical evidence submitted in the EU in support of applications for ap-
proval of new high-risk medical devices.

During the period of our study, medical devices were certified under 
the previous EU Medical Device Directive 93/42/EEC13 rather than the 
new Medical Device Regulation (EU) 2017/745.14 The directives allowed 
for a device to be approved if its manufacturer could establish equiva-
lence to similar devices that had already been CE-marked. The use of 
that route for approval may explain in part why we could find no pub-
lished clinical studies relating to some of the devices that were included 
in this review. The new MDR will provide limited public information 
about the evidence available, through the publication of Summaries of 
Safety and Clinical Performance (SSCP)4 and it introduces restrictions 
with respect to the use of data from equivalent devices for the purpose 
of market entry, with a contract now being required between the 

respective manufacturers for full sharing of data [MDR, Article 61(5)]. 
Following CE-mark approval, post-market surveillance and clinical 
follow-up studies are mandatory. Although manufacturers are able to 
submit clinical evidence collected independently by academic bodies 
or medical associations, specific standards are required to ensure the 
quality and reliability of such data and to establish methods for sharing 
data.15–17 It is expected that this will result in more trials being per-
formed and reported for a higher proportion of devices.

Based on our systematic review, the status of evidence collection and 
reporting between 2000 and 2021 appears to be unsatisfactory. On 
average, sample sizes were too small, follow-up durations too short, 
and the timing of publications was far from ideal. Cumulatively, these 
factors resulted in a dearth of available high quality evidence when 
new devices were introduced. In the future, the SSCP will be released 
to coincide with the approval of all new high-risk medical devices. This 
will be provided in the new European database for medical devices 
(EUDAMED) and will improve the transparency of the existing clinical 
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Table 2 Continued  

Prospective non-randomized  
clinical trials (n = 251)

Randomized clinical  
trials (n = 57)

P-value for  
difference

Early termination, n (%) 0 10 (18) <.001

Interventions/comparators

Type of comparator, n (%) .213d

Medical therapy 4 (2) 10 (18)

Medical device 9 (4) 25 (44)

Drug-delivery device 2 (1) 22 (38)

No comparison 236 (94) 0

Outcomes

Primary outcome, n (%)e

Composite outcome 84 (33) 29 (51) .033

Binary outcome(s) 204 (81) 36 (63) <.001

Surrogate outcome(s) 47 (19) 22 (36) .005

Quality of life metric 15 (6) 5 (9) .555

Risk prediction score 0 0 nc

Device-related complication(s) evaluated, n (%) 205 (82) 48 (84) .848

Sex-specific subgroup, n (%)

Analysis provided 5 (2) 20 (35) <.001

Claimed difference 2 (1) 2 (4) .166

Age-specific subgroup, n (%)

Analysis provided 5 (2) 17 (30) <.001

Claimed difference 0 1 (2) .999

Outcome adjudication, n (%) 83 (33) 37 (65) <.001

IQR, interquartile range shown as Q1–Q3; SD, standard deviation; Epub, electronic publication; nc, not computed. 
The number in parenthesis under the group of studies before and after CE-mark approval indicates the number of unique prospective studies included in each group. 
aP = .002 for the comparison of industry-funded vs. other. 
bOnly for the 57 RCTs. The percentages have been calculated for this group of studies. 
cFor the primary report of the study. 
dAfter excluding the 232 single arm intervention non-randomized studies. 
eCorresponds to the primary outcome of the main report either as single or as any component of the composite endpoint.
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Table 3 Differences in study characteristics published before and after the corresponding CE-mark approval date

Prospective studies before  
CE-mark approval (n = 27)

Prospective studies after  
CE-mark approval (n = 281)

P-value for  
difference

Study characteristics

Study design, n (%)

Non-randomized trials 27 (100) 224 (80) .004

Randomized clinical trials 0 57 (20) .004

Sample size

Median (IQR) 31 (20–64) 135 (51–436) <.001

Min/max 10/330 9/3231

Multicentre, n (%) 16 (59) 161 (57) .999

Geographic area, n (%) .074

Europe 11 (41) 164 (58)

North America 2 (7) 31 (11)

Asia-Pacific 2 (7) 26 (9)

Multiple/Other 12 (44) 60 (21)

Publication year (Epub) <.001

2000–05 1 (4) 0

2006–10 5 (18) 8 (3)

2011–15 13 (48) 66 (23)

2016–21 8 (30) 207 (74)

Duration of recruitment period (years)

Median (IQR) 1.2 (0.7–1.6) 1.9 (1.0–3.0) .004

Min/max 0.1/4.9 0.1/16.9

Funding source, n (%) .267

Industry 16 (59) 145 (52)

Non-industry 3 (11) 69 (25)

Both 0 10 (4)

None declared 8 (30) 57 (20)

Pre-registered protocol in dedicated platform, n (%) 12 (44) 138 (49) .691

Published peer-reviewed protocol, n (%) 1 (4) 47 (17) .095

Follow-up duration (primary publication) (months)

Mean (SD) 8.3 (6) 13.5 (18) .316

Min/max 1/36 1/204

Intention-to-treat analysis in randomized trials, n (%)a 0 47 (82) nc

Power calculations available, n (%) 3 (11) 60 (21) .316

Interim analysis planned, n (%) 0 15 (5) .378

Final statistical analysis, n (%)b .999

Frequentist 27 (100) 274 (97)

Bayesian 0 6 (2)

Both 0 1 (1)
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evidence. However, this will not address the need for those studies to 
be well conducted and will potentially introduce new hurdles that may 
delay the timely approval of devices addressing unmet needs.18

Quality of trials for cardiovascular devices
High-quality clinical trials are adequately powered to answer the question 
that is posed.18–21 Power calculations were reported for only 20% of the 
studies included in this systematic review, and the sample size was on aver-
age relatively small. Randomized clinical trials sit atop the hierarchy of clin-
ical trial methodologies, but only 19% of the studies that we identified had a 
randomized design. An overview of the trends in the total numbers of pa-
tients being recruited into studies suggests that the proportion of patients 
enrolled in RCTs is not increasing (see Figure 1A).

Prospectively designed clinical trials were available for about 
two-thirds (70%) of the included high-risk cardiovascular devices, but 
these were mostly non-randomized studies and as a consequence their 
risk of bias was judged to be high. None of the 15 non-randomized 
studies that compared at least two interventions were deemed to 
have no risk of bias, and in the majority of those studies (73%) the 

risk of bias was determined to be critical, for example due to issues 
with the selection of patients (see supplementary data online, 
Appendix S8). In comparison, the risk of bias in the 57 included RCTs 
was judged to be high in just 16%, a finding that was potentially related 
in part to selective reporting.

A critical appraisal of the practices applied during the last 20 years is 
essential in order to plan how to improve the quality of clinical trials.18,21

Our systematic evaluation has provided robust evidence in terms of the 
publicly available and prospectively designed studies, but it has also 
raised questions that can be answered only with full transparency 
with respect to the totality of the evidence for the included devices.

Introduction of innovative medical devices
Our review covering the first two decades of the 21st century indicates 
that a majority of the studies was performed in Europe. Concerns have 
been raised that the new EU regulatory environment may negatively 
impact innovation, by slowing approval of new devices due to the limited 
capacity of notified bodies and increased requirements for clinical evi-
dence.22,23 However, high-risk medical devices that were approved first 
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Table 3 Continued  

Prospective studies before  
CE-mark approval (n = 27)

Prospective studies after  
CE-mark approval (n = 281)

P-value for  
difference

Early termination, n (%) 0 10 (4) .999

Interventions/comparators

Type of comparator, n (%) .123

Medical therapy 0 14 (5)

Medical device 1 (4) 33 (12)

Drug-delivery device 0 24 (8)

No comparison 26 (96) 210 (75)

Outcomes

Primary outcome, n (%)c

Composite outcome 10 (37) 103 (37) .827

Binary outcome(s) 23 (85) 217 (77) .203

Surrogate outcome(s) 3 (11) 66 (24) .311

Quality of life metric 1 (4) 19 (7) .999

Risk prediction score 0 0 nc

Device-related complication(s) evaluated, n (%) 24 (89) 229 (81) .437

Sex-specific subgroup, n (%)

Analysis provided 0 25 (9) .146

Claimed difference 0 4 (1) .999

Age-specific subgroup, n (%)

Analysis provided 0 22 (8) .237

Claimed difference 0 1 (0.4) .999

Outcome adjudication, n (%) 11 (41) 109 (39) .839

IQR, interquartile range shown as Q1–Q3; SD, standard deviation; Epub, electronic publication; nc, not computed. 
The number in parenthesis under the group of studies before and after CE-mark approval indicates the number of unique prospective studies included in each group. 
aOnly for the 57 RCTs. The percentages have been calculated for this group of studies. 
bFor the primary report of the study. 
cCorresponds to the primary outcome of the main report either as single or as any component of the composite endpoint.
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in the EU under the previous directives (with their lower level of require-
ments), rather than in the USA, were associated with a higher rate of re-
calls.24 More recently, the US FDA has introduced a scheme for the 
accelerated assessment of new devices that has increased the number of 
first-in-man studies conducted in the USA25—but it has been reported 
that high-risk devices approved under their early feasibility programme 
have also had higher recall rates and shorter times on the market before 
serious recalls, in comparison to devices approved by standard pro-
cesses.26 Most orthopaedic devices have been approved in the USA by 
their 510(k) pathway, using evidence from equivalent or ‘predicate’ devices 
with limited clinical trials data, and this has been associated with a 12-times 
greater risk of recall.27 There are some reasons why it is not always possible 
to evaluate new implantable medical devices in standard RCTs. In the case 
of genuine advances for independently defined unmet needs it may be ap-
propriate for market access to be granted on more limited evidence. Risks 
should therefore be transparent and shared, and limited evidence should 
still be published and then supported by rigorous post-market surveillance.

Limitations of this study
This review was restricted to selected high-risk cardiovascular devices 
and to published reports of prospective studies; other documents were 
not publicly available. The ascertainment of evidence supporting a claim 
for a prospective design may have been unreliable in some cases, since 
no study protocol with a record of changes over time was published in 
many cases. Because a prospective design and conduct of a specific non- 
randomized study was not always clearly documented, this may have 
led to the rejection of some published clinical studies due to suboptimal 
reporting. It is likely that we were unable to identify and therefore as-
sess every high-risk cardiovascular device that was available with 
CE-mark approval within each class. The classes of devices were domi-
nated by one or two landmark devices within a class. Due to the limited 
number of studies for the majority of the devices within a class, we 
were unable to assess intercorrelations separately for each class of spe-
cific devices in the different study populations. Notwithstanding, the 
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current analysis did not aim to provide conclusions about the compara-
tive effectiveness of the selected devices within a class.

In the absence of protocol specifications or contextual factors, it was 
impossible to review if learning curves and operator experience had 
been adequately reported. 

Extrapolating from the results of this systematic review should be 
done only with caution, but it is possible nonetheless to offer some 
wider conclusions.

Implications for regulatory science and 
practice
Our systematic review has provided objective confirmation that revision 
of the EU system of regulation was warranted in order to improve the 
quality and quantity of clinical evidence particularly for high-risk medical 
devices. The political decision that was taken to retain notified bodies 
and to preserve their legal duty of confidentiality, however, makes it un-
certain if the reformed system can deliver the standards of clinical evidence 
and transparency that physicians, guideline committees, and patients 

would expect. It will be necessary to provide more specific EU guidance 
on clinical trial methodologies, appropriate endpoints, comparators, and 
follow-up and to develop systems for demonstrating concordance of 
regulatory judgements between notified bodies.

The results of the present study raise some more general questions 
about the EU system for approval of new high-risk medical devices that 
are beyond the scope of this discussion which is focused on the specific 
issues of the quantity, quality, and transparency of evidence from formal 
clinical investigations. The prerequisite for considering any new regula-
tory pathways or even more wide-ranging regulatory reform must be 
to understand how the current system is operating, and the goal of 
this systematic review was to quantify and evaluate the quality of pub-
lished evidence from clinical investigations prior to and after CE approv-
al for a pre-specified selection of high-risk (Class III) cardiovascular 
medical devices. It is the first study to formally assess the clinical evi-
dence when new devices were approved by notified bodies in the EU 
mostly under the previous EU Medical Device Directive 93/42/EEC 
and before the implementation of MDR. The increased costs and delays 
of ‘conformity assessments’ (by the notified bodies) under the EU MDR 
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Figure 4 Distributions of time lag of study publication since CE-mark approval date, sample size on study level, and duration of recruitment period 
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are caused at least in part by the absence of a system for early consult-
ation with the regulatory authorities, so manufacturers are unable to 
clarify in advance what clinical evidence will be needed for their device. 
There are several new initiatives by regulators in Europe to address this 
deficiency. Ultimately, global regulatory convergence of standards, with 
full transparency of evidence, and mutual recognition agreements, 
would be preferable.

Ideally, larger and better-designed clinical trials of high-risk devices 
will be conducted and reported more quickly. For new devices in well- 
established classes, an early feasibility study could establish non- 
inferiority or benefit as compared to a defined objective performance 
criterion (OPC).8 Data assembled within this systematic review could 
serve as an inventory of studies that could be used to define 
OPCs28,29 for each of the seven different classes of devices. 
Thereafter, an RCT should be performed for each new high-risk device 
against an active comparator and with adequate statistical power.

Any special provisions for innovative devices will need to be balanced 
by surveillance through comprehensive device registries that are run in-
dependently by academic bodies. Following CE-mark approval, post- 
market surveillance and clinical follow-up studies are mandatory; specific 
standards are required to ensure the quality and reliability of such data 
and to establish methods for sharing data.15–17 As part of the CORE-MD 
project, a systematic review reporting on the quality and utility of 
European cardiovascular and orthopaedic registries for the regulatory 
evaluation of medical device safety and performance across the implant 
lifecycle has been conducted and recently published.30 The main findings 
suggest that current registries do not (yet) fulfil their full potential due to 
substantial heterogeneity and limitations related to their structure and 
methodology to provide the data that regulators and manufacturers 
require for post-market surveillance and clinical follow-up.

Scientific and clinical experts should advise how high-risk medical de-
vices should be investigated so that regulators can undertake an object-
ive evaluation of the safety, performance, and clinical efficacy of 
individual medical devices. The Clinical Investigation and Evaluation 
Working Group (CIE), composed of medical device regulators from 
EU member states with the European Commission, has recently em-
barked on a revision of the EU guidance on clinical evaluation of medical 
devices that dates from 2016 (MEDDEV 2.7/1, revision 4).31 A working 
group of the International Standardization Organisation has recently 
started to prepare a new horizontal standard on the ‘Clinical 
Evaluation of Medical Devices’ (which will become ISO 18969).32

Insights from this study by the CORE-MD consortium will be submitted 
to both of these working groups, and it is hoped that the development 
and implementation of new recommendations will be an important 
step towards similar standards in all medical device jurisdictions.

Supplementary data
Supplementary data are available at European Heart Journal online.
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