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Abstract
Objectives  We examine the volume–outcome relationship 
in isolated transcatheter aortic valve implantations 
(TAVI). Our interest was whether the volume–outcome 
relationship for TAVI exists on the centre level, whether it 
occurs equally for different outcomes and how it develops 
over time.
Design  Secondary data analysis of electronic health 
records. The comprehensive German Federal Bureau 
of Statistics Diagnosis Related Groups database 
was queried for data on all isolated TAVI procedures 
performed in Germany between 2008 and 2014. Logistic 
and linear regression analyses were carried out. Risk 
adjustment was applied using a predefined set of patient 
characteristics to account for differences in the risk factor 
composition of the patient populations between centres 
and over time. Centres performing TAVI were stratified 
into groups performing <50, 50–99 and ≥100 procedures 
per year.
Setting  Germany 2008–2014.
Participants  All patients undergoing isolated TAVI in the 
observation period.
Interventions  None.
Primary and secondary outcome measures  In-hospital 
mortality, bleeding, stroke, probability of ventilation 
>48 hours, length of hospital stay and reimbursement.
Results  Between 2008 and 2014, a total of 43 996 TAVI 
procedures were performed in 113 different centres 
in Germany with a total of 2532 cases of in-hospital 
mortality. Risk-adjusted in-hospital mortality decreases 
over the years and is lower the higher the annual 
procedure volume at the centre is. The magnitude of the 
latter effect declines over the observation period. Our 
results indicate a ceiling effect in the volume–outcome 
relationship: the volume–outcome relationship is eminent 
in circumstances of relatively unfavourable outcomes. 
Alongside improving outcomes, however, the volume–
outcome relationship decreases. Also, a volume–outcome 
relationship seems to be absent in circumstances of 
constantly low event rates.
Conclusions  The hypothesised volume–outcome 
relationship for TAVI exists but diminishes and may 
disappear over time. This should be taken into account 
when considering mandatory minimum thresholds.

Introduction 
Transcatheter aortic valve implantation 
(TAVI) is a rapidly evolving technique for 
therapy of aortic stenosis, with a very early and 
pronounced utilisation in Germany.1 Previous 
studies report hospital-specific learning 
curves with respect to in-hospital outcomes 
such as procedural success, mortality and 
clinical complications of varying lengths and 
magnitudes.2–6 In general, learning curve 
effects within and between centres can, to 
some degree, be explained by the volume 
of procedures performed at the centre. This 
relationship can be summed up as the ‘prac-
tice-makes-perfect hypothesis’, according to 
which quality of care either increases with 
the number of patients as a result of econo-
mies of scale, with a competing explanation 
of ‘selective-referral’, according to which 

Strengths and limitations of this study

►► Study based on administrative data; coding errors 
are inevitable, however cardiovascular diagno-
sis-related groups are reviewed by independent 
physicians on behalf of health insurers.

►► Risk adjustment included a number of parameters 
whose reliability cannot be fully secured, and we 
cannot guarantee that all parameters of relevance 
are included in the model.

►► Hospital volume was classified into three fixed cat-
egories, which is in line with thresholds from official 
guidelines and previous literature, but might hide 
possible effects related to very high volumes.

►► The data set omits baseline diagnoses of pure aortic 
regurgitation, as well as patients who underwent a 
concomitant cardiac procedure, which makes sense 
from a clinical perspective, but complicates compar-
isons and might cause bias.

►► The study provides comprehensive data on everyday 
transcatheter aortic valve implantation practice in a 
large industrialised country over a multiyear period.
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higher  quality hospitals attract greater demand and 
therefore have a greater volume of patients.7 8

There are a number of criticisms on empirical anal-
yses on the volume–outcome relationship:  many studies 
lack appropriate adjustment for differences in the risk 
factor composition of the patient populations between 
centres.9 10 Second, most studies focus on in-hospital 
mortality only,11 which is easy to measure, but it is recom-
mended to include additional quality measurements. 
Finally, most studies divided patients into groups of equal 
size for analysing the volume–outcome relationship, 
which makes it difficult to make use of such results when 
justifying specific volume thresholds.6 12–14

Although the evidence regarding the existence of 
an inverse relationship between the number of TAVI 
procedures and related outcomes is limited,15 16 medical 
authorities in Germany and several other countries 
have issued guidelines calling for minimum numbers of 
procedures for primary operators performing TAVI.17–20 
There however remains some question whether, first, 
the volume–outcome relationship outlined above exists 
on the centre level regarding TAVI and, second, whether 
or not it takes place in all outcomes and complications 
equally, and how an existing volume–outcome relation-
ship might change over the years.

To address these questions, we calculated annual proce-
dure volumes for all German hospitals that performed 
TAVI procedures between January 2008 and December 
2014. In order to account for differences in the patient 
population between high, medium and low-volume 
centres and over time, we carried out baseline-adjusted 
regression analyses for the endpoints in-hospital mortality, 
bleeding, stroke, probability of ventilation  >48 hours, 
length of hospital stay and reimbursement.

Methods
Data
Since 2005, data on all hospitalisations in Germany have 
been available for scientific use via the Diagnosis Related 
Groups (DRG) statistics collected by the Research Data 
Center of the Federal Bureau of Statistics (DESTATIS). 
These hospitalisation data, including diagnoses and 
procedures, are a valuable source of representative 
nationwide data on the in-hospital treatment of patients. 
This database represents a virtually complete collection 
of all hospitalisations in German hospitals that are reim-
bursed according to the DRG system. From this database,1 
we have extracted data on 43 996 cases of isolated TAVI 
for our analysis.

Our study did not involve direct access by the inves-
tigators to data on individual patients but only access 
to summary results provided by the Research Data 
Center. Therefore, approval by an ethics committee and 
informed consent were determined not to be required, 
in accordance with German law. All summary results were 
anonymised by DESTATIS. In practice, this means that 
any information allowing the drawing of conclusions 

regarding a single patient or a specific hospital is censored 
by DESTATIS to guarantee data protection. Especially the 
use of the anonymous, persistent ‘institute indicator of 
hospitals’ is highly restricted in order not to publish any 
information directly attributable to a single hospital.

As described previously,1 21 we were able to use the 
OPS codes (OPS codes: 5-35a.0 in 2007 and 5-35a.00, 
5-35a.01 and 5-35a.02 from 2008) to identify all TAVI 
procedures performed (and reimbursed) in Germany 
between 2008 and 2014. Patients with a baseline diag-
nosis of pure aortic regurgitation (main or secondary 
diagnosis other than I35.0, I35.2, I06.0, I06.2) and those 
with concomitant cardiac surgery or percutaneous coro-
nary intervention were not included in this analysis. 
Although some concomitant procedures might be infor-
mative (a cardiac surgery procedure during the same 
hospital stay as TAVI might likely represent a compli-
cation following a TAVI procedure), these cases cannot 
be consistently identified in our data  set as, in many 
cases, concomitant procedures might have taken place 
in another centre. A complete list of procedure codes 
can be found in online supplementary table S1; a more 
detailed discussion of the data source may be found in a 
previous manuscript.1 21

Patient and public involvement
The development of the research question was guided by 
the intention to provide hospitals and policymakers with 
empirical evidence that enables them to structure the 
infrastructure in such a way as to deliver the best possible 
outcomes to patients. The selected outcome measures 
represent the most severe complications to the procedure 
and are of high significance to patient quality of life after 
the intervention. There was, however, no direct involve-
ment of patients in the design, the recruitment and 
conduct of the study, nor will the results be disseminated 
to study participants as the study was based on anony-
mised administrative data.

Measures
Regarding the in-hospital complications, bleeding was 
defined as requiring a transfusion of more than 5 units of 
red cells. For all other comorbidities and complications 
the existing anamnestic or acute distinctive codes were 
used (we have discussed OPS and ICD codes in greater 
detail previously21).

In order to analyse possible effects of the above 
discussed mandatory minimum quantities, the number 
of procedures per year and centre was categorised (ie, 
n<50, 50≤n<100, n≥100) on the basis of an anonymous, 
persistent ‘institute indicator of hospitals’ provided by 
DESTATIS. These particular thresholds are applied 
because the minimum number of 50 procedures is often 
mentioned in official TAVI  guidelines,17–20 and these 
thresholds are widely applied in the literature.22–24

The primary outcome was in-hospital mortality. 
Secondary outcomes include postprocedural complica-
tions such as stroke and bleeding events (transfusion of ≥5 

https://dx.doi.org/10.1136/bmjopen-2017-020204
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red  cells), as well as reimbursement, length of hospital 
stay and proportion of patients with ventilation >48 hours.

Statistical analysis
In a first step, multivariate regression analyses were carried 
out for the different endpoints. In a previous study, 
Reinöhl et al1 identified 21 baseline patient characteristics 
to describe risk profiles between procedural groups. For 
risk adjustment, all of these 21 baseline patient charac-
teristics were included as covariates (all covariates listed 
in table 1) in the respective regression analyses. In addi-
tion, an interaction term between time (in years) and the 
above mentioned annual volume categories was included 

in the regression analyses in order to investigate the 
volume–outcome relationship over the years.

Please note that in comparison to the data published by 
Reinöhl et al, one transapical TAVI procedure (in 2010) 
needed to be removed from the data set due to incom-
plete information.

Logistic and linear regression analyses are applied for 
dichotomous and continuous endpoints, respectively. 
The question of how to account for patients treated in the 
same hospital was discussed previously.13 25 26 As recom-
mended in a previous study that also used data from the 
German DRG  statistic,13 we used cluster-robust SEs to 
account for this dependency.

Risk-adjusted rates and means within each year and 
hospital volume category were obtained by computing the 
corresponding predicted probabilities or means, respec-
tively, for an artificial subject with each confounder set to 
its mean value (prediction at the means, see table 1 for 
mean values of all confounders). Thereby, risk-adjusted 
rates and means are taking two aspects into account: (1) 
change in the patients’ risk factor compositions over 
the years, and (2) differences in the patients’ risk factor 
compositions within different hospital volume categories. 
Risk-adjusted rates and means are therefore interpreted 
as the ‘true’ procedure-related outcomes independent 
of changes in the patient population over the years 
and differences between low, medium and high-volume 
centres. Please note that this implies the assumption that 
all outcome relevant parameters are used for risk adjust-
ment. Unfortunately, we cannot guarantee that all param-
eters of relevance are included in the model. In fact, the 
administrative data  set lacks relevant clinical informa-
tion (such as echocardiographic findings or anatomical 
characteristics).

The visualisation of these risk-adjusted rates or means 
together with their 95% CIs constitutes the main analyt-
ical approach in this paper. To assess the statistical signif-
icance of the observed volume–outcome relationship, of 
the time trend and a potential change of the volume–
outcome relationship over time, we applied to the esti-
mated rates or means a random effects meta-regression 
(command metareg27) with time and volume as contin-
uous covariates. A model with an interaction term was 
used to assess the change in the volume–outcome rela-
tionship. A model without an interaction was used to 
assess the main effects.

Standardised reimbursement data are only available 
starting in 2010 due to a change in the reimbursement 
system making previous data difficult to compare. In 
Germany, reimbursement is based on DRGs which are 
defined by the patients' diagnoses, gender and age, 
treatment procedures, complications or comorbidities 
and further attributes. Based on these data, a prede-
termined reimbursement rate per case is calculated. 
Hospitals receive additional reimbursement for long-stay 
outlier cases.28 Furthermore, additional reimbursement 
is possible for very complex intensive care treatments, 
which have to be proven by documentation of illness 

Table 1  Baseline characteristics (2008–2014)

n 43 996

Female 55.87%

Age in years, mean/SD 80.95/6.11

Estimated logistic EuroSCORE*, mean/
SD

22.21%/13.57%

Aortic valve stenosis as main diagnosis 68.22%

Combined aortic valve diseases as main 
diagnosis

26.56%

Heart failure

 �  NYHA II 8.26%

 �  NYHA III or IV 41.66%

 �  Hypertension 62.66%

 �  CAD 46.88%

Previous myocardial infarction

 � Within 4 months 1.59%

 � Within 1 year 0.75%

 � After 1 year 4.35%

Previous CABG 12.75%

 Previous cardiac surgery 18.06%

Peripheral vascular disease 12.39%

Carotid disease 6.17%

COPD 15.14%

Pulmonary hypertension 22.32%

Renal disease

 GFR <15 mL/min 2.95%

 GFR <30 mL/min 4.90%

Atrial fibrillation 45.93%

Diabetes 33.30%

*For calculation of the logistic EuroSCORE, we were able to 
populate all fields except for critical preoperative state and left 
ventricular function. In these we assumed an inconspicuous state 
(ie, no critical preoperative state and no left ventricular dysfunction) 
and thus calculated a best‐case scenario.
CABG, coronary artery bypass graft; CAD, coronary artery disease; 
COPD, chronic obstructive pulmonary disease; EuroSCORE, 
European System for Cardiac Operative Risk Evaluation; GFR, 
glomerular filtration rate; NYHA, New York Heart Association 
Functional Classification.



4 Kaier K, et al. BMJ Open 2018;8:e020204. doi:10.1136/bmjopen-2017-020204

Open access�

severity and treatment effort during intensive care unit 
stay.29

All analyses were carried out using Stata V.13.1 
(StataCorp, College Station, Texas, USA).

Results
Between 2008 and 2014, a total of 43 996 TAVI procedures 
were performed in 113 different centres in Germany. The 
total number of TAVI procedures performed per year 
increased markedly over the observation period, from 
1122 in 2008 to 11 559 in 2014 (see table 2).

As reported previously,1 substantial reductions in 
in-hospital mortality have been achieved between 2008 
and 2013, and we find this trend to continue into 2014. 
Regarding centre-specific procedure volumes of all TAVI 
procedures, it appears that the differences in unadjusted 
in-hospital mortality between the procedure volume 
groups (<50, 50–99 and ≥100) steadily decline over the 
years (see table 3). Figure 1A provides risk-adjusted in-hos-
pital mortality rates allowing for comparison despite 
possible differences in the patient selection process and 
consequently the risk factor composition between hospi-
tals in the different procedure volume groups and over 
time (see online supplementary tables S1–S7 for details 
of the process used to generate the results shown in 
figure 1A). These results indicate that risk-adjusted in-hos-
pital mortality rates (1) steadily decrease over the years 
(annual change: −0.58 percentage points (pp), p<0.001), 
are (2) lower the higher the procedure volume at the 
hospital is (volume effect: −0.74  pp, p=0.002), but that 
(3) this volume effect declines over the 7-year observa-
tion period (p value of interaction term: p=0.027; annual 
change of volume effect: 0.2 pp).

Over the 7 years of data we analysed, a slight decreasing 
trend was visible in the risk-adjusted in-hospital stroke 
rate, which started out at 2%–2.5% in 2008–2009 and 
ranged from 1.5% to 2% in 2013–2014 (figure  1B). 
Volume–outcome relationship was actually negative for 
years following 2010, with higher volume centres having 
higher stroke rates.

Risk-adjusted bleeding rates (figure  1C), in contrast, 
showed a clear beneficial effect of higher centre proce-
dure volumes for all years but 2011. The magnitude of 
the effect was distinct from 2008 to 2010 and decreased 
in the following years in parallel with an ongoing marked 

decrease in the general likelihood of bleeding complica-
tions, but still was present in 2013/2014.

For risk-adjusted in-hospital ventilation rate (>48 hours) 
(figure  1D), a pronounced beneficial effect of higher 
centre procedure volumes persisted throughout the 
observation period. In addition, risk-adjusted in-hospital 
ventilation rates decreased substantially over the years. 
As for bleeding, the magnitude of the volume effect 
was distinct in the first years but steadily declined over 
the 7-year period (annual change of the volume effect: 
0.30 pp, p=0.041).

Risk-adjusted in-hospital length of stay shows a strong 
beneficial effect of centre procedure volume (figure 2A). 
Unlike the situation found for the endpoints mortality and 
bleeding, the magnitude of the effect did not decrease 
much over the observed time frame. There also is a slight 
reduction in average length of stay over the years.

As shown in figure  2B, there is a drop in the overall 
reimbursement level from 2010 to 2012, but reimburse-
ment stays roughly the same thereafter. In much the same 
way as found for length of hospital stay, risk-adjusted 
amount of reimbursement decreased only slightly over 
time, and showed a large volume effect which did not 
change over the 5-year period.

Conclusions
Our study shows mixed results regarding a volume–
outcome relationship in TAVI procedures in German 
hospitals. First of all, TAVI-related in-hospital mortality 
decreased substantially between 2008 and 2014 and was 
lower the higher the procedure volume at the respective 
hospital is. The magnitude of this volume–outcome rela-
tionship, however, declines over the observation period. 
Especially in later years (2012–2014) differences in 
mortality between low, medium and high-volume centres 
are small.

Regarding in-hospital mortality and secondary 
endpoints, a volume–outcome relationship is eminent in 
circumstances of relatively unfavourable outcomes (see 
early years of mortality, bleeding and ventilation) and 
decreases as outcomes improve (later years of mortality, 
bleeding and ventilation), but is not present in circum-
stances of constantly low event rates (see stroke). In 

Table 2  Number of procedures with regard to the performed TAVI volume of a distinct centre in a given year

TAVI volume in centre 2008 2009 2010 2011 2012 2013 2014

<50 procedures, n 613 (40) 1234 (61) 1155 (51) 1107 (43) 960 (36) 765 (31) 617 (30)

50–99 procedures, n 236 (3) 658 (10) 1875 (26) 1957 (27) 1569 (20) 1930 (25) 1135 (16)

≥100 procedures, n 273 (NA*) 707 (NA) 1776 (3) 3459 (7) 5711 (16) 6452 (9) 9807 (20)

Total number, n 1122 (≥44) 2599 (≥72) 4806 (80) 6523 (77) 8240 (72) 9147 (65) 11 559 (66)

Please note that the numbers of procedures performed per year at a given centre were not constant over the observation period, so that it is 
possible for a centre to fall into a different volume group in a different year. Number of centres in parentheses.
*NA, not available, exact number censored by the Research Data Center of the Federal Bureau of Statistics (DESTATIS) due to data protection 
concerns.
TAVI, transcatheter aortic valve implantations. 

https://dx.doi.org/10.1136/bmjopen-2017-020204
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addition, in most of the cases when we observe a distinct 
annual decrease, we also observe a decreasing volume 
effect over time. Presumably, the small centres succeed 
in participating at the system-level learning curve to a 
degree which allows them to catch up to some degree 
to the group of high volume. Unfortunately, our data do 
not allow addressing the question whether this is due to 
exchange of expertise or to increasing cumulative expe-
rience. The group of small centres may also benefit from 
there being only a reduced capacity for improvement 
even in large-volume centres some years after the intro-
duction of a new procedure.

Interestingly, decreases in the volume effect over time 
were not observed for the endpoints of in-hospital length 
of stay and reimbursement. Presumably, this might be 

due to the fact that high-volume centres are at a major 
advantage in streamlining clinical workflows before and 
after the procedure.

Two recent studies showed volume–outcome relation-
ships for TAVI procedures performed in US hospitals 
in 2012.15 16 In both studies, patients were divided into 
groups of equal sample size. Disregarding the accom-
panying problems regarding the external validity of 
the results,12 13 the results shown in these studies are 
similar to ours:  among others, inverse volume–outcome 
relationships were shown for the endpoints death and 
bleeding.15 16 One of the two studies also included the 
endpoints length of stay and hospitalisation costs and 
identified significant differences between the observed 
hospital volume quartiles (TAVI/year cut-offs  ≤5, 6–10, 

Table 3  Unadjusted in-hospital outcomes with regard to the performed TAVI volume of a distinct centre in a given year

Mortality (%) Stroke (%) Bleeding (%)
Length of stay 
(mean in days)

Reimbursement 
(mean)

Proportion of patients 
with ventilation
>48 hours (%)

2008 

 � <50 procedures 10.11 3.26 14.36 19.2 9.79

 � 50–99 procedures 9.32% 2.12 11.44 21.8 6.78

 � ≥100 procedures 6.59 2.56 7.33 14.7 4.76

2009 

 � <50 procedures 9.81 3.57 14.18 21.6 9.48

 � 50–99 procedures 8.36 3.34 11.25 18.5 7.14

 � ≥100 procedures 6.08 2.12 7.21 18.0 7.36

2010 

 � <50 procedures 9.00 2.51 12.12 21.0 €37 071 8.74

 � 50–99 procedures 8.11 2.56 11.41 19.1 €36 173 8.69

 � ≥100 procedures 6.14 2.20 6.25 17.0 €35 074 5.01

2011 

 � <50 procedures 7.68 2.35 9.39 20.0 €35 984 8.04

 � 50–99 procedures 8.02 2.35 9.04 19.3 €35 424 8.28

 � ≥100 procedures 5.87 3.01 9.31 17.3 €35 046 7.29

2012 

 � <50 procedures 6.15 2.29 8.44 18.7 €35 294 7.29

 � 50–99 procedures 7.07 2.42 8.41 18.9 €34 798 5.48

 � ≥100 procedures 5.03 2.10 6.30 16.7 €34 233 5.39

2013 

 � <50 procedures 5.49 2.09 9.28 20.2 €35 808 6.93

 � 50–99 procedures 5.85 2.33 6.53 18.2 €34 650 4.56

 � ≥100 procedures 5.29 2.70 5.98 16.3 €34 456 5.29

2014 

 � <50 procedures 5.34 2.75 5.99 19.9 €35 993 6.15

 � 50–99 procedures 4.58 2.20 5.73 18.3 €34 904 4.32

 � ≥100 procedures 3.70 2.28 4.22 15.3 €34 771 3.92

Please note that the numbers of procedures performed per year at a given centre were not constant over the observation period, so that it is 
possible for a centre to fall into a different volume group in a different year.
TAVI, transcatheter aortic valve implantations. 
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11–20 and  >20).16 The other study also included the 
endpoint stroke and did not show significant differences 
between volume groups (TAVI cut-offs: 20 or 10 cases for 
different access routes).15

As stated before, medical authorities in several countries 
have issued guidelines calling for minimum numbers of 
procedures for primary operators performing TAVI.17–20 
In Germany, such mandatory minimums are not yet 
implemented, but a mandatory number of 50 TAVI 
procedures annually is officially recommended,20 and 
this number is also mentioned in guidelines from the 
UK, Canada and Portugal.17–19 Our results confirm the 
existence of a volume–outcome relationship for TAVI 
procedures between 2008 and 2014 and these effects 
are in line with existing evidence from TAVI procedures 
performed in US hospitals.6 15 16 The above discussed 
weakening of the volume–outcome relationship over 
time, however, relativises the rationale behind mandatory 
minimum numbers of procedures: the volume–outcome 

relationship may be considerable in the years following 
the introduction of a new procedure when there still is 
a lot of room for improvement (in the two of the cited 
studies,15 16 ie, 2012). After a few years, then, the asso-
ciation between procedure numbers and better perfor-
mance may diminish (see our results regarding the year 
2014 and presumably thereafter). In the worst case, the 
volume effect is already gone by the time mandatory 
minimums are finally implemented, or the implementa-
tion hinders the system to reach optimal health service 
without restrictions. It should be, however, noted that the 
average number of TAVI procedures per hospital is larger 
in Germany compared with most other countries, and 
that hence the time span until such a point is reached 
may be longer in other countries.

This might be especially problematic since mandatory 
minimum quantities on the centre level are not free of 
further disadvantages. They are thought to lead to central-
isation of procedures in large hospitals, necessitating 

Figure 1  (A-D) Risk-adjusted in-hospital mortality, stroke, bleeding and ventilation rates and their association with centre-
specific procedure volumes in a given year. Estimates are based on risk-adjusted logistic regression analysis including all 
available patient characteristics as confounders (see table 1). Predicted probabilities are calculated by setting each confounder 
to its mean value (prediction at the means, see table 1 for means). Annual and volume effects were calculated using random 
effects meta-regression based on the estimated rates. A separate model with an interaction term was used to assess the 
change in the volume–outcome relationship. pp, percentage points.
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costly patient transfers and potentially worse aftercare. 
In addition, it is unclear how an optimal threshold 
could be set (and adjusted yearly) and by whom, how 
effects of physician volume and hospital volume should 
be combined, whether low-volume hospitals and their 
surgeons perceive the thresholds as new incentives to 
operate and how new and innovative hospitals might be 
able to enter the market.30 The latter question is espe-
cially relevant for TAVI since a recent study showed that 
between 2010 and 2015 a new centre entering the TAVI 
market needed to perform 54 procedures to achieve 
clinical outcomes comparable to those reported in high-
volume centres.31 According to the authors of the study, 
this represents more than 2 years of continuous activity.31

In addition, the question remains how to integrate the 
observed volume effects into the existing theory. The ‘prac-
tice-makes-perfect hypothesis’ implies a contrary causal 
relationship than the theory of ‘selective-referral’,7 8 and 
we cannot answer the question whether volume gener-
ates quality (practice makes perfect), quality generates 
volume (selective referral) or both.

Furthermore, Gandjour and Lauterbach differentiated 
the ‘practice-makes-perfect hypothesis’ into learning 
curve effects, economies of scope and the concept of 
a focused factory.32 Improved outcomes may result 
from economies of scale: every time doctors perform a 
procedure, they gain experience. Economies of scope, 
in contrast, would occur from the simultaneous perfor-
mance of dissimilar procedures. In the TAVI context, this 
means that a high-volume centre might see improved TAVI 
outcomes as a result of the performance of high numbers 
of other procedures. Accordingly, Epstein already raised 
the question whether similar procedures should also be 
counted towards a set volume threshold.30 The focused 

factory concept, in contrast, assumes that focusing on a 
small number of procedures could also be favourable.32 
Unfortunately, none of the existing approaches analysed 
whether the volume–outcome relationship differs in 
accordance with the number of other (closely related) 
procedures conducted in the respective centre.

Our study has several strengths and limitations.  First of 
all, it is based on administrative data, and coding errors 
are inevitable. However, about 20% of all cardiovascular 
diagnosis-related groups are reviewed by independent 
teams of physicians on behalf of the health insurers, 
which should ensure a generally good reliability of the 
data.

Second, our risk  adjustment included a number of 
parameters whose reliability cannot be fully secured, and 
we cannot guarantee that all parameters of relevance 
are included in the model. A major limitation is that the 
data source does not include information on the type of 
device used in individual TAVI procedures. Therefore, 
information regarding the type of device and access 
route was not used for risk adjustment. In addition, infor-
mation regarding the experience of surgeons at each 
centre would be highly relevant for the analysis but is also 
unavailable.

Third, in terms of the categories used, hospital 
volume was classified into three fixed categories (<50, 
50–99, ≥100), which is in line with thresholds mentioned 
in official guidelines and previously applied in the liter-
ature, but might result in possible effects related to very 
high volumes being hidden in the analysed group of 
patients treated in hospitals with ≥100 cases per year.

Lastly, the data set omits patients with a baseline diag-
nosis of pure aortic regurgitation, as well as those who 
underwent TAVI with any other concomitant cardiac 

Figure 2  (A-B) Risk-adjusted in-hospital length of stay and reimbursement and their association with centre-specific 
procedure volumes in a given year. Estimates are based on risk-adjusted linear regression analyses including all available 
patient characteristics as confounders (see table 1). Predicted probabilities are calculated by setting each confounder to its 
mean value (prediction at the means, see table 1 for means). Annual and volume effects were calculated using random effects 
meta-regression based on the estimated means. A separate a model with an interaction term was used to assess the change in 
the volume–outcome relationship.
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procedure. This makes sense from a clinical perspective, 
but further complicates direct comparisons with other 
administrative data  sets and possibly caused bias in the 
measurement of hospital volume and outcome.

A major strength of the study is that it provides compre-
hensive data on everyday TAVI practice in a large indus-
trialised country over a multiyear period.

We conclude that the hypothesised volume–outcome 
relationship for TAVI exists but diminishes and may 
disappear over time. This should be taken into account 
when considering mandatory minimum thresholds.
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