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Background. Transcatheter aortic-valve implantation (TAVI) has become an essential alterna-
tive to surgical aortic-valve replacement in the treatment of symptomatic severe aortic steno-
sis, and this procedure requires technical expertise. The aim of this study was to identify
prospective studies on TAVI from the past 10 years, and then to analyze the quality of infor-
mation reported about the learning curve.
Materials and methods. A systematic review of articles published between 2007 and 2017 was
performed using PubMed and the EMBASE database. Prospective studies regarding TAVI
were included. The quality of information reported about the learning curve was evaluated
using the following criteria: mention of the learning curve, the description of a roll-in
phase, the involvement of a proctor, and the number of patients suggested to maintain skills.
Results. A total of sixty-eight studies met the selection criteria and were suitable for analysis.
The learning curve was addressed in approximately half of the articles (n = 37, 54 percent).
However, the roll-in period was mentioned by only eight studies (12 percent) and with
very few details. Furthermore, a proctorship was disclosed in three articles (4 percent) whereas
twenty-five studies (37 percent) included authors that were proctors for manufacturers of
TAVI.
Conclusion. Many prospective studies on TAVI over the past 10 years mention learning
curves as a core component of successful TAVI procedures. However, the quality of informa-
tion reported about the learning curve is relatively poor, and uniform guidance on how to
properly assess the learning curve is still missing.

In the treatment of symptomatic severe aortic stenosis (AS), transcatheter aortic-valve implan-
tation (TAVI) has become an essential alternative to surgical aortic-valve replacement (SAVR)
for patients with severe AS who are either inoperable or at high risk for SAVR (1–3). This tech-
nique involves insertion, through a catheter, of a bioprosthetic valve, which is implanted
within the patient’s diseased aortic valve (1). Through both progressive improvement in
TAVI device design and increasing experience of interventional cardiologists, complications
arising from TAVI have decreased (4).

However, to achieve optimal procedural performance, interventional cardiologists using
TAVI require training and accumulation of experience. Indeed, several studies have suggested
that TAVI procedures are technically complex and have a significant learning curve (5–8). In a
trial report on a medical device by Motte et al., it appears essential to know how the learning
curve was evaluated or how the training of operators was managed (9). A minimum amount of
training for each operator is required to complete this learning curve, as well as carrying out a
minimum number of procedures per year to maintain TAVI competency. There seemingly is
no consensus on these minimum numbers, and no standardized guidelines when initiating a
TAVI program currently exist. Some studies have stated that a minimum of twenty procedures
is required to achieve a good level of practice (10). Training protocols are usually based on the
participation of experienced proctors, dry laboratory sessions, or animal models (11). The
French National Health Authority has suggested that carrying out two procedures per
month was the minimum needed for each operator to maintain this technical competency
(12;13).

With this in mind, medical device studies, including those regarding TAVI devices, require
acknowledgment of a “roll-in” phase to account for the operator learning curve. A roll-in
phase can be defined as a training phase, in which an operator uses an investigational medical
device for an initial period on subjects enrolled in the study. The number of roll-in subjects is
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usually limited, and data are not included in the final analysis. In
a trial report on TAVI, it clearly appears important to know how
the training of the operators was managed. Indeed, it may be dif-
ficult to establish the external validity of the study, also called gen-
eralizability, without this information (9). In addition, if the
roll-in phase is not conducted adequately, an insufficient training
regime may lead to an increase in adverse events that are caused
by operator error (14). Thus, the quality of a clinical report,
that is, providing information about the design, conduct, and
analysis of the trial, is evidently separated from the methodolog-
ical quality of the trial. To our knowledge, there are no studies on
the quality of learning-curve reporting either in medical device
studies in general or specifically on TAVI. In addition, as the
expansion of indications for TAVI is now being suggested—for
example in patients who are deemed to be at intermediate risk
for surgery—it seems apt to study how information on the learn-
ing curve is reported in TAVI studies (15). The aim of the present
systematic review was to identify prospective studies on TAVI over
the past 10 years, then to analyze the quality of information
reported about the learning curve and finally to strengthen the
health technology assessment of TAVI by improving the reporting
of an essential aspect of device evaluation.

Materials and Methods

Study Selection

This systematic review was performed following the Preferred
Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) guidelines (Supplementary File 1). A study protocol
was also established to clarify the review and to expose eligibility
criteria (Supplementary File 2). The systematic search was per-
formed using PubMed and EMBASE to collect studies regarding
the learning curve in a TAVI context. The study protocol specifies
the search terms used (Supplementary File 2). Limits were defined
on publication date, language, and study design. The focus was
narrowed to French or English prospective studies published
between 2007 and 2017. We limited our search to 10 years, between
2007 and 2017, because TAVI devices were not launched on the
market until 2007. Two independent reviewers screened titles and
abstracts to exclude irrelevant or duplicate articles. Exclusion crite-
ria of the articles identified were: not in English or French; not
based on the source study; other study designs (i.e., not a prospec-
tive study); other subjects (not dealing with TAVI or not on TAVI
alone); adverse event reporting; biomarker study; drug study; med-
ical imaging study; or outcome monitoring study. Then, a full-text
review was performed on the included articles with the same exclu-
sion criteria as that applied to the title and abstract.

Data Analysis

Publications were first exported to Zotero V4.0.29.15 (2017), and
as a second step, exported to Microsoft Office Excel® 2010. Then,
a data extraction worksheet was developed in Microsoft Office
Excel® 2010 to standardize data extraction and analysis. Various
information was collected: first author, year of publication, coun-
try of origin, source study, study design (randomized/controlled
study, comparative study, single-center, multicenter, and so on),
brand name of TAVI, access type of TAVI, number of patients,
author being a proctor, center type, and source of funding. To
our knowledge, there are no international guidelines for the
reporting of learning curve information in clinical studies on

medical devices. Consequently, we developed our own checklist
to assess the quality of information reported about the learning
curve. This checklist is based on the literature on this topic.
First, after a first reading of every article retrieved, we checked
whether the term “learning curve” was mentioned in the study.
Then, based on the work of Raman et al. (16), we reported
where “learning curve” was mentioned in the study (introduction,
methods, results, or discussion). The location in the text is an
important element to consider. Indeed, if the learning curve is
mentioned in methods or results, it is likely that the learning
curve was anticipated and/or evaluated in the study. As stated
by Raman et al., when the learning curve is mentioned only in
the discussion, most authors described this point only as one of
the factors influencing outcomes of the procedures, which is
informative but rarely enough to fully appreciate the learning
curve itself. We also considered in our analysis the linked articles
(methodological references). Then, we searched for whether a
proctorship was mentioned. We also allowed for other terms for
“proctor” being used, such as “mentor” or “supervisor.” Arai
et al. showed that an expert tutoring is likely to reduce the com-
plication and mortality rates in patients undergoing
transfemoral-TAVI owing to the effect on the operator’s learning
curve (17). We checked whether a roll-in phase was mentioned
(14). As stated in the Introduction, this phase is essential to
improve the operator’s skills. When a roll-in phase was stated,
we also searched the number of patients treated during this
phase and/or whether training on animals was performed.
Finally, we also searched for whether the number of patients to
maintain skills was mentioned. This information is important
to consider because it may greatly influence clinical outcomes
when the technique is routinely used. The French National
Health Authority recommends a minimum of two procedures
per month to maintain skills with TAVI (13). The more a study
included information for the learning curve checklist, the more
informative it was considered. These data were reported into a
Microsoft Office Excel® 2010 worksheet. Then, data from article
characteristics and learning curve were combined for the analysis.

Results

Study Selection

After removing duplicates, 764 studies were identified, of which
693 were excluded on the basis of the content of their titles and
abstracts. Seventy-one studies were considered in their entirety,
following which a further fifteen were then excluded. We focused
only on primary research articles, and twelve studies correspond-
ing to methodological references from articles initially extracted
were added to the review. Thus, a total of sixty-eight studies
met the selection criteria and were suitable for complete analysis
(Figure 1).

Characteristics of Included Studies

The details of the included sixty-eight studies are presented in
Supplementary Table 1. There was a small increase in the number
of studies published between 2006 (before 2007, for studies corre-
sponding to methodological references from articles initially
extracted) and 2009, which steadily increased between 2010 and
2012 and fell in 2013; numbers rose to previous levels in 2014
before declining again from 2015, with a little recovery in 2017
(Figure 2).
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Figure 1. PRISMA flow chart of the included studies.

Figure 2. Number of publications per year.
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Table 1. Learning curve data extracted from the included studies

Study
No. Author

Year of
publication

Number of
patients

Roll-in
patient Proctor

Author
proctor PMS

PMS
number

Learning curve mentioned in the article
(location in the text)

1 Leclercq et al. (21) 2017 240 N N N N NS N

2 Deeb et al. (22) 2017 227 N N Y N NS N

3 Musa et al. (23) 2017 98 N N Y N NS N

4 Greenbaum et al. (24) 2017 100 N Y Y N NS Y (discussion)

5 Attizzani et al. (25) 2017 2,069 N N Y N NS Y (discussion)

6 Sinning et al. (26) 2017 173 N N Y N NS Y (discussion)

7 D’Ancona et al. (27) 2017 118 N N Y N NS Y (discussion)

8 Conte et al. (28) 2017 166 N N N N NS N

9 Eidet et al. (29) 2016 64 N N N N NS N

10 Ahn et al. (30) 2016 60 N N N N NS Y (introduction; discussion)

11 Deeb et al. (31) 2016 750 N N Y N NS Y (discussion)

12 Thyregod et al. (32) 2016 487 N N Y N NS N

13 Barbanti et al. (33) 2016 377 Y N N N NS Y (discussion)

14 Ribera et al. (34) 2015 231 N N N N NS N

15 Muneretto et al. (35) 2015 163 N N N N NS N

16 Pascual Calleja et al. (36) 2015 160 N N N N NS N

17 Popma et al. (37) 2014 506 N N N N NS Y (discussion)

18 Fanning et al. (38) 2014 80 N N Y N NS N

19 Schofer et al. (39) 2014 100 Y N Y N NS N

20 Webb et al. (40) 2014 150 N N Y N NS Y (discussion)

21 Wendt et al. (41) 2014 8 N N Y N NS N

22 Barbanti et al. (42) 2014 1,376 N N N N NS N

23 Kasel et al. (43) 2014 185 Y N Y N NS Y (discussion)

24 Sawa et al. (44) 2014 55 N N N N NS Y (discussion)

25 Hong et al. (45) 2014 59 N N N N NS Y (introduction)

26 Fiorina et al. (46) 2014 100 N N Y N NS Y (discussion)

27 Reinöhl et al. (47) 2013 60 N N N N NS N

28 Gotzmann et al. (48) 2013 202 N N N N NS N

29 Kempfert et al. (49) 2013 40 N N N N NS Y (discussion)

30 Treede et al. (50) 2012 67 N N N N NS Y (discussion)

31 Osnabrugge et al. (51) 2012 546 N N N N NS Y (discussion)
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Table 1. (Continued.)

Study
No.

Author Year of
publication

Number of
patients

Roll-in
patient

Proctor Author
proctor

PMS PMS
number

Learning curve mentioned in the article
(location in the text)

32 Jegaden et al. (52) 2012 23 N N N N NS N

33 Yamamoto et al. (53) 2012 136 N N N N NS Y (discussion)

34 Walther et al. (54) 2012 150 N N N N NS Y (discussion)

35 Takagi et al. (20) 2011 79 Y N N N NS Y (introduction; results; discussion)

36 Walther et al. (55) 2011 168 N N N N NS Y (discussion)

37 Modine et al. (56) 2011 17 N N Y N NS N

38 John et al. (57) 2010 100 N N Y N NS Y (discussion)

39 Krane et al. (58) 2010 99 N N N N NS N

40 Clavel et al. (59) 2009 150 N N Y N NS N

41 Grube et al. (60) 2008 136 N N Y N NS Y (introduction; discussion)

42 Wöhrle et al. (61) 2016 235 N N N N NS N

43 Gooley et al. (62) 2015 100 N Y N N NS N

44 Kapadia et al. (63) 2015 179 N N N N NS N

45 Reardon et al. (64) 2014 150 N Y N N NS Y (discussion)

46 Spethmann et al. (65) 2014 99 N N N N NS N

47 Yamamoto et al. (66) 2013 75 N N N N NS Y (discussion)

48 Wendler et al. (67) 2012 6 N N Y N NS Y (discussion)

49 Yared et al. (68) 2012 95 N N N N NS N

50 Nielsen et al. (69) 2012 525 N N Y N NS N

51 Kempfert et al. (70) 2012 51 N N N N NS Y (introduction; discussion)

52 Modine et al. (71) 2012 12 N N N N NS N

53 Ong et al. (72) 2012 18 N N N N NS N

54 Modine et al. (73) 2012 19 N N Y N NS Y (discussion)

55 Grube et al. (74) 2011 60 N N Y N NS Y (discussion)

56 Lefèvre et al. (75) 2011 130 N N Y N NS Y (introduction; discussion)

57 Bruschi et al. (76) 2012 141 N N N N NS N

58 Eidet et al. (77) 2015 40 N N N N NS N

59 Adams et al. (78) 2014 795 Y N N N NS N

60 Grube et al. (79) 2007 86 N N N N NS Y (discussion)

61 Hernández-Antolín
et al. (19)

2011 76 N N Y N NS Y (results; discussion)
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Most of the studies (71 percent) were undertaken in five coun-
tries: Germany (n = 21; 31 percent), Italy (n = 10; 15 percent),
U.S.A. (n = 9; 13 percent), France (n = 8; 12 percent), and
Canada (n = 5; 7 percent) (Supplementary Table 2).

Of the sixty-eight studies, we only highlight seven (10 percent)
randomized controlled trial studies, and thirty-nine (57 percent)
comparative studies. The number of included patients in these
studies ranged from 3 to 2,069 patients, and 33 (49 percent) of
the studies recruited more than 100 patients. Thirty-four (50 per-
cent) studies were single-center studies, and among these, twenty-
nine (85 percent) were performed in a public center.

Data Synthesis

Learning curve data extracted from the studies included are pre-
sented in detail in Table 1. Moreover, thirty-seven of the included
studies (54 percent) mention the learning curve. The learning
curve is mentioned in the discussion for thirty-five (95 percent)
of these studies; only three studies (8 percent) also mentioned
the learning curve in the results section. In the three studies
reporting the learning curve in the results section, general charac-
teristics and outcomes are compared between initial patients and
subsequent patients for assessing the learning curve (18–20). One
study shows that the implantation rate is significantly different
between both groups, that is, more favorable in the subsequent
patients (19). Another study shows that the rates of procedural
success, malposition, and intraprocedural mortality are more
favorable, with statistical significance, in the subsequent patient
group (18). The final study shows that valve malposition is
more frequent in the initial patients; however, no statistical calcu-
lations were performed (20). In these three studies, the patient
follow-up varies from 6 to 12 months.

Moreover, we observed no trend between the year of publica-
tion and the reporting of learning-curve information. In addition,
thirty-seven of the studies included (54 percent) do not report
funding sources, and no association with the reporting of the
learning curve was observed. Finally, sixty articles (88 percent)
do not mention a roll-in period. Details of the eight studies men-
tioning a roll-in period are presented in Table 2.

In addition, it was noted that sixty-five of the studies (96 per-
cent) do not disclose proctorship, whereas authors of twenty-five
studies (37 percent) were proctors working with manufacturers of
TAVI. Indeed, proctorship was not disclosed in the method sec-
tion but in the competing interests. Also, we found no mention
of the number of patients necessary to maintain skills in any of
the studies included. Last, among randomized and controlled
studies, three studies were found to mention learning curves
(43 percent), and twenty-two studies alluded to learning curves
among comparative studies (56 percent).

Discussion

To our knowledge, this study is the first systematic review dealing
with the quality of information reported about the learning curve
in TAVI procedures.

Most of the articles reviewed mention the learning curve (more
than 50 percent), but only very limited reporting and detailing
have been found on the learning curve itself (such as roll-in
period, proctorship, and maintenance of skills). In spite of this,
learning issues were often mentioned in discussions and were
mostly considered to be a source of bias (25;26;30;31;33;37;
40;55). Only a few studies provided outcome measures that

62
Fr
ac
ca
ro

et
al
.
(8
0)

20
09

3
N

N
Y

N
N
S

N

63
W
eb

b
et

al
.
(8
1)

20
06

18
N

N
N

N
N
S

Y
(d
is
cu
ss
io
n)

64
G
ur
vi
tc
h
et

al
.
(5
)

20
11

27
0

N
N

N
N

N
S

Y
(in

tr
od

uc
ti
on

;
di
sc
us
si
on

)

65
K
em

pf
er
t
et

al
.
(8
2)

20
11

29
9

Y
N

N
N

N
S

Y
(d
is
cu
ss
io
n)

66
W
eb

b
et

al
.
(1
8)

20
07

50
Y

N
N

N
N
S

Y
(r
es
ul
ts
;
di
sc
us
si
on

)

67
Le
on

et
al
.
(8
3)

20
10

35
8

Y
N

N
N

N
S

Y
(d
is
cu
ss
io
n)

68
K
em

pf
er
t
et

al
.
(8
4)

20
11

40
N

N
N

N
N
S

Y
(in

tr
od

uc
ti
on

;
di
sc
us
si
on

)

N
,
no

;
N
S,

no
t
st
at
ed

;
P
M
S,

pa
ti
en

t
to

m
ai
nt
ai
n
sk
ill
s;
Y,

ye
s.

International Journal of Technology Assessment in Health Care 157

https://doi.org/10.1017/S0266462320000100 Published online by Cambridge University Press

https://doi.org/10.1017/S0266462320000100


showed the difference between patients treated in an early phase
and those treated later in the study (18–20). In light of these stud-
ies, the implantation rate and the valve malposition were out-
comes that directly connected to the training of the operators,
and this is consistent with previous studies on the topic (85).

In a few studies, the exclusion of a start-up phase is believed to
be of paramount importance in providing a more objective eval-
uation of new devices, without skewing from less-experienced
operators (86). Moreover, the experience of the operators is not
clearly stated in the studies; however, some authors specify that
centers with more TAVI experience trended toward fewer compli-
cations than sites with little or no previous experience
(24;31;51;57;70). These many allusions to the learning curve
remain very heterogeneous in terms of details. As shown by
Motte et al. (9), this is probably due to the fact that no guidelines
exist for reporting clinical trials on implantable medical devices.
However, this same article has determined some relevant items
for reporting clinical trials on implantable medical devices, and
the learning curve was identified as one of them.

It is remarkable to note that of studies that mention the learn-
ing curve, more than three quarters do not discuss a roll-in
period. When a roll-in phase was described, it was very disparate
between studies. Indeed, a roll-in patient number was not speci-
fied in two studies with a roll-in phase (20;83). It was also difficult
to know whether training sessions were carried out in humans or
animal models in these articles. In addition, some studies
described that training would end after a predetermined number
of patients, at which point the operator could be considered well-
trained. The studies proposed to compare the first patients for
whom the technique has been used with the same number of
patients after “expertise” is reached (18;82). We remain skeptical
about this predetermined roll-in patient number, which seems
to have been always arbitrarily determined. Indeed, to our knowl-
edge, although there is no consensus on a reasonable minimum
number of patients, studies generally suggest that this number
should be between ten and twenty cases (10;87). Consequently,
most of the predetermined roll-in patient numbers we found
here did not match this range of cases, and it is difficult to under-
stand how the numbers were selected by the study designers.

With very few exceptions, the proctorship was not mentioned
in the studies included. This must be linked with the notable

percentage of authors who were proctors themselves. Many
authors argue that acquisition of expertise in technology and pro-
cedures, such as TAVI, must be a gradual process based on an
educational experience that should pass through a structured
training with different levels of supervision, such as the preceptor-
ship and the proctorship (10;11). This experiential training is
important to consider, partly because the number of TAVI pro-
grams is proliferating and that it is necessary to plan learning
phases in these future programs. It has also been demonstrated
that a careful monitoring of the learning curve may have impor-
tant clinical and economic implications in the development of
TAVI procedures (7;85). Although evolving skills can be evaluated
during the supervision period, the learning curve goes on after
completing any form of training and is a lifelong process. To
monitor a center’s TAVI outcomes or individuals performing
the procedure, some statistical tools can be used. The cumulative
summation (CUSUM) test was first introduced to analyze
time-series based on industrial processes, and most recently the
learning curve-cumulative summation (LC-CUSUM) was
designed to determine when a level of expertise has been attained
(17;88). This method has been reported to be useful in monitor-
ing a learning curve with regard to the incidence of perioperative
complications. Therefore, studies dealing with TAVI procedures
should ideally evoke a protocol in which a learning curve would
have been anticipated, but we found that in many studies this
was not the case (9).

The introduction of new-generation percutaneous aortic valves
in clinical practice obliges operators to undergo continuous tech-
nical updating and investigate possible limitations of the newly
adopted devices (27;71). The expertise of operators could help
to improve not just the practices, but also the existing devices.
Then, the evolution of the devices must progress toward that of
an ease of use and a rapid learning. Furthermore, various trans-
catheter aortic valves exist on the market, and hospitals can some-
times be forced to change their percutaneous valve preference
because of cost considerations. This requires further training
with these new devices.

In light of our present work, we propose some criteria that may
be helpful when considering the generalizability of results from
medical device studies regarding the learning curve. First, the
roll-in phase should be systematically reported in the methods

Table 2. Details of the studies mentioning a roll-in period

Articles with RIP

Author
Year of

publication
Country where the study was

undertaken
Number of patients

in RIP RIP with human or animal

Barbanti et al. (33) 2016 Italy 125 Human

Schofer et al. (39) 2014 Germany 3 in each site Human, simulated bench model and animal

Kasel et al. (43) 2014 Germany 25 Human

Takagi et al. (20) 2011 Italy NS NS

Adams et al. (78) 2014 USA 3 in each site Human

Kempfert et al. (82) 2011 Germany 150 first patients Human

Webb et al. (18) 2007 Canada 25 first patients Human

Leon et al. (83) 2010 U.S.A. NS Minimal operator experience with the TAVI
procedure was initiated

NS, not stated; RIP, roll-in period.
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section, and the number of patients treated in the roll-in and the
duration of this phase should be specified. This could be pre-
sented as a protocol associated with the article explaining this
in detail. Also, the involvement of a proctor should be reported
because it has been proved that expert tutoring provides better
results to improve patient outcomes (17). Finally, if no specific
training has been necessary because the operators are already
well-trained with the technique used in the paper (e.g., when
the technique is not new), this should be explained and justified
by providing the experience of the operators. It could be helpful
to know, for example, the number of cases already treated with
the technique by each operator.

The present study has several limitations that should be
addressed. First, we did not retrieve full-text versions of all the
articles we identified. Although we made every effort to collect
the articles, some articles were unobtainable. In addition, we
only focused here on articles referenced by PubMed and
EMBASE. We did not used additional databases for this system-
atic review due to resource and time restrictions.

Conclusion

The present systematic review highlights that many prospective
studies on TAVI over the past 10 years mention learning curve
as a core component of successful TAVI procedures. However,
the quality of information about the learning curve reported is rel-
atively poor; only very limited reporting material has been found,
whereas some details about roll-in period, proctorship, number of
cases to maintain skills should be expected.

Supplementary Material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0266462320000100
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