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Abstract
Objectives  To explore the existence and strength of a 
relationship between hospital volume and mortality, to 
estimate minimum volume thresholds and to assess the 
potential benefit of centralisation of services.
Design  Observational population-based study using 
complete German hospital discharge data (Diagnosis-
Related Group Statistics (DRG Statistics)).
Setting  All acute care hospitals in Germany.
Participants  All adult patients hospitalised for 1 out of 
25 common or medically important types of inpatient 
treatment from 2009 to 2014.
Main outcome measure  Risk-adjusted inhospital 
mortality.
Results  Lower inhospital mortality in association with 
higher hospital volume was observed in 20 out of the 25 
studied types of treatment when volume was categorised 
in quintiles and persisted in 17 types of treatment 
when volume was analysed as a continuous variable. 
Such a relationship was found in some of the studied 
emergency conditions and low-risk procedures. It was 
more consistently present regarding complex surgical 
procedures. For example, about 22 000 patients receiving 
open repair of abdominal aortic aneurysm were analysed. 
In very high-volume hospitals, risk-adjusted mortality was 
4.7% (95% CI 4.1 to 5.4) compared with 7.8% (7.1 to 
8.7) in very low volume hospitals. The   minimum volume 
above which risk of death would fall below the average 
mortality was estimated as 18 cases per year. If all 
hospitals providing this service would perform at least 18 
cases per year, one death among 104 (76 to 166) patients 
could potentially be prevented.
Conclusions  Based on complete national hospital 
discharge data, the results confirmed volume–outcome 
relationships for many complex surgical procedures, 
as well as for some emergency conditions and low-risk 
procedures. Following these findings, the study identified 
areas where centralisation would provide a benefit for 
patients undergoing the specific type of treatment in 
German hospitals and quantified the possible impact of 
centralisation efforts.

Introduction
The relationship between hospital volume 
and patient outcomes has been widely 
studied. For many inpatient treatments, a 

higher volume was found to be associated with 
better outcomes, such as for high-risk surgical 
procedures, medical conditions or elective 
low-risk surgery.1–10 Systematic reviews and 
meta-analyses were conducted to aggregate 
results into a broader frame of knowledge.11–14 
However, the heterogeneity of methods used 
impairs conclusions from meta-analyses. In 
particular, the categorisation of high-volume 
hospitals varies according to the geographical 
context.15 16 Moreover, many studies include 
only samples of patients or are restricted to 
patients with a specific type of insurance or 
within a delimited geographic area. There-
fore, it is often uncertain if the association 
of volume and outcome found in one study 
may be generalisable to the whole popula-
tion affected or even to populations in other 
countries with different healthcare systems. 
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Strengths and limitations of this study

►► The strength of this study is the use of current and 
complete national hospital discharge data, covering 
virtually every patient who underwent one out of the 
studied types of treatment during the study period.

►► As hospital volumes vary widely among German 
acute care hospitals, this is a proper setting to study 
volume–outcome relationships.

►► In contrast to most other volume–outcome studies, 
the present approach includes the calculation 
of minimum volume thresholds along with an 
assessment of the possible impact of centralisation 
efforts on the population.

►► Within this observational retrospective study, the 
statistical association between volume and outcome 
was tested on administrative data.

►► As information available from administrative data is 
limited, it is possible that unmeasured differences in 
disease severity, comorbidity or appropriateness of 
patient selection may partly explain the association 
between volume and outcome.

►► This study did not consider hospital characteristics 
like teaching status, type of ownership or location.
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Finally, studies reporting better outcome in relation to 
higher volume often lack an assessment of the clinical 
and policy significance of their findings.16

To date, the volume–outcome relationship in Germany 
has been studied only for few inpatient services, such 
as pancreatic resection, abdominal aortic aneurysm 
repair, hip fracture or treatment of very low birth weight 
infants.17–20 The German acute care hospital market is 
characterised by a relative overcapacity of hospital beds 
and high hospitalisation rates.21 Volumes of inpatient 
treatments vary widely among about 1600 German acute 
care hospitals.22 In 2004, minimum volume thresholds 
for specific types of inpatient treatment were established. 
However, it has been found that many hospitals did not 
adhere to this regulation, and the debate about the 
underlying evidence remains controversial.23–25

Efforts to improve quality of care by centralisation of 
services need to rely on evidence that higher volume is asso-
ciated with better outcome. Therefore, this study aimed 
to explore the relation of hospital volume and outcome in 
the German hospital market by using complete national 
hospital discharge data. For a broad range of common or 
medically important inpatient services, the existence and 
strength of a relationship between volume and mortality 
were analysed. Where lower mortality in relation to higher 
volume was observed, minimum volume thresholds, 
above which mortality would be reduced, were estimated. 
Impact measures were calculated to assess the potential 
benefit of centralisation efforts.

Methods
Data
German acute care hospitals are obliged to submit 
their inpatient discharge data annually to a nationwide 
database, which is available for research purposes. This 
database (Diagnosis-Related Group Statistics (DRG 
Statistics) provided by the Research Data Centres of the 
Federal Statistical Office and the statistical offices of the 
‘Länder’) contains discharge information on every inpa-
tient episode, covering patients of all types of insurance. 
Principal and secondary diagnoses are coded according 
to the German adaptation of the International Classifi-
cation of Diseases (ICD-10-GM). Procedures are coded 
according to the German procedure coding system (OPS, 
Operationen- und Prozedurenschlüssel). Information on 
sex, age, source of admission, discharge disposition and 
length of stay is also included. Based on an anonymised 
hospital identifier, every inpatient episode can be assigned 
to the treating hospital.26 The analyses included data of 
the years 2009–2014. Data were accessed via controlled 
remote data analysis.

Patient population
To study a broad range of hospital services, five groups of 
inpatient treatments comprising 25 single conditions or 
procedures were analysed:

►► Common emergency conditions (6)

►► Elective heart and thoracic surgery (4)
►► Elective major visceral surgery (6)
►► Elective vascular surgery (4)
►► Elective low-risk surgery (5)

Each type of treatment was defined by specific inclusion 
and exclusion criteria in order to minimise confounding 
by differences in case-mix. Treatments for emergency 
conditions (eg, acute myocardial infarction) were 
restricted to direct admissions by excluding patients who 
had been transferred-in from another acute care hospital. 
Elective surgical treatments were defined by restriction to 
certain medical indications (eg, colorectal resection for 
carcinoma) or exclusion of complicated constellations 
(eg, aortic valve replacement excluding combined other 
heart surgery). All definitions refer to adult patients aged 
20 years and older. Inclusion and exclusion criteria are 
listed in the online supplementary table 1 .

Hospital volume
Volume of patients treated by a hospital was calculated 
for each year of observation corresponding to the respec-
tive definition of a studied type of treatment. Aiming to 
compare results in the context of the current literature, 
hospitals were ranked into quintiles of approximately 
equal case numbers according to their annual volume. 
This ranking was done separately for each year for obser-
vation, allowing the rank of one hospital to change from 
1 year to another, if volume changed over time. Addition-
ally, annual hospital volume was analysed as a continuous 
variable.

Within a sensitivity analysis hospital volume was addi-
tionally determined on the basis of wider case definitions 
in order to fully consider all treatments which might 
enhance a hospital’s experience regarding a specific 
condition or procedure (eg, all colorectal resections 
regardless from medical indication). This approach led 
to a higher estimation of annual volume per hospital in 
most cases and resulted in a slightly different ranking of 
hospitals. Within this analysis, restrictions in case defini-
tion, as described above, were subsequently applied for 
outcome measurement.

Outcome measure, risk adjustment and statistical analysis
Inhospital mortality, defined as death before discharge, 
was studied as outcome measure. Observed and risk-ad-
justed mortality were stratified by volume quintiles.

Risk-adjusted mortality for each volume quintile was 
calculated by using generalised estimating equations 
(GEE) with a logit link function, accounting for clustering 
of patients within hospitals. Using the pooled data of the 
entire observation period, one GEE model was fitted for 
each studied treatment. Depending on the type of treat-
ment, models included comorbidities, which most likely 
have been present on admission (eg, diabetes, chronic liver 
disease), specific indicators of disease severity (eg, ST-ele-
vation myocardial infarction) or extension of surgery (eg, 
concomitant resection of other visceral organs in patients 
with pancreatic resection). Five-year age groups, sex and 
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calendar year of treatment were considered within each 
model. The definitions and treatment-specific applica-
tions of covariates for risk adjustment are displayed in the 
online supplementary tables 2 and 3.

In order to estimate the independent impact of hospital 
volume on inhospital mortality, hospital volume was 
subsequently entered into each model, taken as a cate-
gorically variable. ORs for inhospital death by hospital 
volume quintile were calculated.

To further explore the relationship between volume 
and outcome, GEE models with volume as a continuous 
variable were fitted for each treatment. In a first step, 
hospital volume was taken as the only predictor (simple 
model). In a second step, the treatment-specific covari-
ates, as described above, were entered into the model 
(full model), and ORs for inhospital death according to 
an increment of one case, as well as of 50 cases per year, 
were calculated.

Where the regression coefficient of a one-case incre-
ment of hospital volume remained statistically signifi-
cant after consideration of covariates, minimum volume 
thresholds were estimated from the simple model using 
Bender’s Value of Acceptable Risk Limit.27 This value is 
calculated from the function of the logistic regression 
coefficient of hospital volume. It denotes the threshold 
where mortality is expected to fall below a predefined 
acceptable risk. The acceptable risk was set to the average 
mortality of the respective treatment during the observa-
tion period.

The clinical relevance of thresholds was assessed by the 
population impact number (PIN). The PIN was calcu-
lated as reciprocal of the difference between the average 
mortality risk in the entire patient population and the 
adjusted risk among patients treated by hospitals with 
volumes above the threshold (population-based risk 
difference (PRD)).28 In the context of this study, the PIN 
can be interpreted as average number of patients within 
a treatment group among whom one death is attribut-
able to treatment by a below-threshold volume hospital, 
due to excess risk of mortality in these hospitals. In other 
words, among this number of patients, one death could 
hypothetically be prevented if all hospitals providing the 
respective inpatient service had annual volumes equal or 
higher than the threshold.

The level of statistical significance was set to 0.05. The 
analyses were conducted using SAS V.9.3 (SAS Institute, 
Cary, North Carolina, USA).

Reporting guideline
Reporting of this analysis adheres to the REporting of 
studies Conducted using Observational Routinely-col-
lected health Data statement.29

Results
Common emergency conditions
Lower inhospital mortality in association with higher 
hospital volume was observed in four out of the six studied 

types of common emergency treatment when volume was 
categorised in quintiles and persisted in two types of treat-
ment when volume was analysed as a continuous variable.

From 2009 to 2014, nearly 1.1 million patients were 
treated for acute myocardial infarction (table 1). Risk-ad-
justed mortality was 8.9% (95% CI 8.8 to 9.0) in the very 
high volume quintile versus 11.4% (11.3 to 11.6) in the 
very low volume quintile (figure 1). Adjusted ORs of inhos-
pital death were significantly reduced in the low to very 
high volume quintiles when compared with the very low 
volume quintile (table 2). A statistically significant effect 
of volume on mortality was also observed when volume 
was analysed as a continuous variable. An increment of 50 
cases per year was associated with reduced odds of death 
(figure 2). The minimum hospital volume where risk of 
mortality would fall below the average mortality of 9.8% 
was calculated as 309 cases per year. Stratification by this 
threshold resulted in a PRD of 0.7% (0.7 to 0.8) and a 
PIN of 137 (127 to 149, table  3). This means that, out 
of 137 patients hospitalised for acute myocardial infarc-
tion, one death would be prevented if annual volumes in 
treating hospitals were at least 309.

In total, 2.3 million patients treated for heart failure 
were studied. Risk-adjusted mortality was 8.5% (95% CI 
8.4 to 8.6) in the very high volume quintile versus 9.2% 
(9.1 to 9.3) in the very low volume quintile (figure 1). For 
volume as a continuous variable, no association was found 
after consideration of covariates (table 3).

During the observation period, 1.2 million patients 
were hospitalised for ischaemic stroke (table 1). Adjusted 
mortality in the very high volume quintile was 6.9% (95% 
CI 6.8 to 7.0) versus 7.3% (7.2 to 7.4) in the very low 
volume quintile (figure 1). After consideration of covari-
ates no measurable effect of hospital volume as a contin-
uous variable was observed (table 3).

Among the 1.3 million patients treated for pneumonia 
(table  1), higher hospital volume was associated with 
higher inhospital mortality. Adjusted mortality was 11.5% 
(95% CI 11.3 to 11.6) in the very high volume quintile, 
12.3% (12.2 to 12.5) in the medium volume quintile 
and 10.8% (10.7 to 10.9) in the very low volume quintile 
(figure 1), and the ORs were higher in the low to very 
high volume quintiles when compared with the very low 
volume quintile (table 2). When considered as a contin-
uous variable, hospital volume was not associated with 
mortality (table 3).

For the more than 1.15 million patients with chronic 
obstructive pulmonary disease (COPD, table 1), adjusted 
mortality was 3.1% (95% CI 3.0 to 3.2) in the very high 
volume quintile and 4.3% (4.2 to 4.4) in the very low 
volume quintile (figure 1). Hospital volume as a contin-
uous variable had an independent effect on mortality 
(figure 2), and the minimum volume to achieve a lower-
than-average risk of death was calculated as 271 patients 
per year. This threshold was estimated to prevent one 
death among 170 (158 to 185) COPD patients (table 3).

The analysis of 711 000 patients hospitalised for hip 
fracture (table  1) revealed slightly higher mortality in 
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Figure 1  Observed and risk-adjusted inhospital mortality by hospital volume quintile. *Statistically significant lower than very 
low volume quintile. +Statistically significant higher than very low volume quintile. Numbers displayed in the legend of each 
graph denote the median annual hospital volume within the respective volume quintile. Covariates used for risk adjustment are 
displayed in the online supplementary table 3.

low to high volume quintiles when compared with the 
very low volume quintile (figure 1). Hospital volume as a 
continuous variable had no effect on mortality (table 3).

Elective heart and thoracic surgery
For each out of the four studied types of heart and 
thoracic surgery, lower inhospital mortality in association 
with higher hospital volume was observed.

From 2009 to 2014, about 52 600 patients were treated 
with isolated surgical aortic valve replacement (table 1). 
Adjusted mortality was 2.4% (95% CI 2.1 to 2.7) in the 
very high volume quintile versus 3.1% (2.8 to 3.4%)%) 
in the very low volume quintile (figure 1). Reduced odds 
of death were found in the medium to very high volume 
quintiles when compared with the very low volume quin-
tile (table 2). As a continuous variable, hospital volume 
demonstrated an independent effect on mortality 
(figure 2). The minimum volume to achieve a lower-than-
average risk of death was calculated as 147 annual treat-
ments. This threshold resulted in a non-significant PRD 

of 0.2% (−0.02 to 0.3) and a PIN of 516 (288 to 2589, 
table 3).

Inhospital mortality of the 50 800 patients treated with 
transcatheter aortic valve replacement (table  1) was 
5.2% (95% CI 4.8 to 5.7) in the very high volume quin-
tile versus 7.6% (7.1 to 8.2) in the very low volume quin-
tile (figure 1). Hospital volume as a continuous variable 
revealed an independent effect on mortality (figure 2), 
and the minimum volume to fall below the average 
mortality of 6.6% was calculated as 157 cases per year. 
Application of this threshold was estimated to prevent 
one death among 133 (101 to 193) patients (table  3). 
This means that among 133 patients with transcatheter 
aortic valve replacement, one death would be prevented 
if all providing hospitals would perform this treatment at 
least 157 times per year.

A total of 184 000 patients were treated with an isolated 
coronary artery bypass graft (table  1). According to 
hospital quintiles, no constant association of volume 
and mortality was found (figure 1, table 2). However, an 
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independent effect of hospital volume on mortality was 
observed when volume was analysed as a continuous vari-
able (figure  2), and the minimum volume to achieve a 
risk of death below the average of 2.1% was calculated as 
475 cases per year. This threshold led to a PIN of 658 (445 
to 1271, table 3).

In total, 74 000 patients with partial lung resection 
for carcinoma were studied (table  1). In the very high 
volume quintile, adjusted mortality was 2.0% (95% CI 1.8 
to 2.3) versus 3.8% (3.6 to 4.1) in the very low volume 
quintile (figure 1). The observed independent effect of 
hospital volume when analysed continuously resulted in 
a minimum volume of 108 cases per year. This threshold 
was estimated to prevent one death among 168 (137 to 
217) patients (table 3).

Elective major visceral surgery
Lower mortality associated with higher hospital volume 
was found for all six studied types of elective visceral 
surgery.

During the observation period, 331 000 colorectal resec-
tions for carcinoma were performed in German hospitals 
(table 1). Mortality was 5.2% (95% CI 5.0 to 5.4) in the 
very high volume quintile and 6.6% (6.4 to 6.8) in the 
very low volume quintile (figure 1). In comparison to the 
very low volume quintile, odds of death were statistically 
significantly reduced in the medium to very high volume 
quintiles (table 2). Hospital volume as a continuous vari-
able had an independent effect on mortality (figure 2). 
The minimum volume to achieve a risk of death below 
the average of 6.0% was calculated as 82 annual treat-
ments, associated with a PIN of 197 (167 to 241, table 3).

A total of 179 000 colorectal resections were performed 
for diverticulosis (table 1). Adjusted mortality was 3.1% 
(95% CI 2.9 to 3.3) in the very high volume quintile 
versus 3.9% (3.8 to 4.1) in the very low volume quintile 
(figure 1). Hospital volume as a continuous variable had 
an independent effect on mortality, and a minimum 
volume of 44 was calculated to achieve a risk of death 
below the average of 3.5%. This threshold was associated 
with a PIN of 364 (269 to 564, table 3).

During the observation period, 68 000 patients with total 
nephrectomy for carcinoma were identified (table  1). 
In the very high volume quintile, adjusted mortality was 
1.9% (95% CI 1.7 to 2.2) and in the very low volume quin-
tile 2.3% (2.1 to 2.6). The independent effect of hospital 
volume as a continuous variable demonstrated border-
line statistical significance (figure 2), and the minimum 
volume to achieve lower-than-average mortality was calcu-
lated as 40 cases per year. Application of this threshold 
would prevent one death among 459 (295 to 1056) 
nephrectomy patients (table 3).

Adjusted mortality among the 44 000 patients receiving 
cystectomy for carcinoma (table 1) was 4.0% (95% CI 3.6 
to 4.4) in the very high volume quintile versus 5.5% (5.0 
to 6.0) in the very low volume quintile (figure 1). Contin-
uous increment of hospital volume was independently 
associated with lower mortality (figure 2). This relation 
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Figure 2  Adjusted odds ratios of inhospital death according to an increment of hospital volume of 50 cases per year. Whiskers 
indicate 95% CI. Covariates used for risk-adjustment are displayed in the online supplementary appendixe table 3.

of volume and outcome resulted in a minimum volume 
of 31 cases per year to fall below the average mortality of 
4.7%. Application of this threshold was associated a PIN 
of 227 (150 to 480, table 3).

Among the 18 000 patients with complex oesophageal 
surgery for carcinoma, adjusted mortality was 5.8% (95% 
CI 5.1 to 6.6) in the very high volume quintile versus 10.5% 
(9.5 to 11.6) in the very low volume quintile. As a contin-
uous variable, hospital volume had an independent effect 
on mortality, and the minimum volume to fall below the 
average mortality of 8.5% was calculated as 22 cases per 
year. If all hospitals would perform at least 22 complex 
oesophageal surgeries per year, one death among 47 (38 
to 62) patients could be prevented (table 3).

A pancreatic resection for carcinoma was performed in 
35 000 patients in total (table 1). Adjusted mortality was 
6.4% (95% CI 5.8 to 7.0) in the very high volume quintile 
versus 11.7% (10.9 to 12.5) in the very low volume quin-
tile (figure 1). Continuous increment of hospital volume 
was associated with lower mortality, and the minimum 
volume where risk of death would fall below the average 
mortality of 8.8% was calculated as 29 cases per year. This 
threshold resulted in a PIN of 46 (39 to 58, table 3).

Elective vascular surgery
In three out of the four studied types of elective vascular 
surgery, higher hospital volume was associated with lower 
inhospital mortality.

During the observation period, 247 000 patients were 
treated with surgical revascularisation of lower extremi-
ties for atherosclerosis (table 1). Risk-adjusted mortality 
was 2.8% (95% CI 2.7 to 3.0) in the very high volume 
quintile versus 3.3% (3.2 to 3.5) in the very low volume 
quintile (figure  1). Odds of death were reduced in all 
other quintiles when compared with the very low volume 
quintile (table 2). The association of volume and outcome 
persisted when volume was analysed as continuous vari-
able (figure  2), and the minimum volume to achieve a 
mortality risk below the average of 3.0% was calculated as 
123 cases per year. This led to the estimation that among 
561 (387 to 1024) patients, one additional death was 
attributable to treatment by a hospital performing less 
than 123 of such operations (table 3).

In total, more than 22 000 patients receiving open 
repair of abdominal aortic aneurysm were analysed 
(table 1). In the very high volume quintile, risk-adjusted 
mortality was 4.7% (95% CI 4.1 to 5.4) versus 7.8% (7.1 
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to 8.7) in the very low volume quintile (figure 1). When 
analysed continuously, higher volume was independently 
associated with lower mortality (figure 2). The calculated 
minimum volume where risk would fall below the average 
of 6.0% was 18 cases per year. The resulting PIN was 104 
(76 to 166, table 3).

Among the 42 000 patients treated with endovascular 
repair of abdominal aortic aneurysm (table  1), risk-ad-
justed mortality was 1.6% (95% CI 1.3 to 1.9) in the very 
high volume quintile versus 1.7% (1.4 to 2.0) in the very 
low volume quintile. Highest mortality was observed in 
the medium volume quintile (2.1%, 1.8 to 2.4, figure 1). 
Odds of death were not significantly different between 
volume quintiles (table 2). Analysed as continuous vari-
able, no statistically significant effect of hospital volume 
on mortality was observed (figure 2, table 3).

From 2009 to 2014, about 162 000 patients with carotid 
endarterectomy were identified (table  1). Risk-adjusted 
inhospital mortality was 0.75% (95% CI 0.66 to 0.86) in 
the very high volume quintile and 0.97% (0.87 to 1.07) in 
the very low volume quintile (figure 1). Continuous incre-
ment of hospital volume was independently associated 
with lower inhospital mortality (figure 2). A lower-than-
average risk of mortality is expected if hospitals perform 
at least 93 carotid endarterectomies per year. Under this 
threshold, the estimated PIN was 1646 (886 to 12661, 
table 3).

Elective low-risk surgery
In three out of the five studied types of elective low-risk 
surgery, higher hospital volume was found to be associ-
ated with lower mortality when volume was categorised 
in quintiles. In two types of elective low-risk surgery, this 
relation persisted when volume was analysed as a contin-
uous variable.

From 2009 to 2014, nearly 889 000 inpatient cholecys-
tectomies for cholelithiasis were performed in German 
hospitals (table  1). Risk-adjusted mortality differed not 
significantly between volume quintiles (figure 1), as well 
as risk-adjusted odds of death (table 2). Continuous incre-
ment of hospital volume was not associated with mortality 
(table 3).

Among the 897 000 inpatient inguinal or femoral hernia 
repairs (table 1), mortality in the very high volume quin-
tile was lower (0.07%, 95% CI 0.06 to 0.08) than in the 
very low volume quintile (0.10%, 0.09 to 0.12, figure 1). 
Yet, the independent effect of continuous increment of 
hospital volume was not statistically significant (table 3).

The analysis of more than 881 000 primary hip replace-
ments for arthrosis or arthritis (table  1) revealed a 
constant association of hospital volume and mortality 
when patients were stratified by volume quintiles. Risk-ad-
justed inhospital mortality was 0.10% (95% CI 0.08 to 
0.11) in the very high volume quintile versus 0.23% (0.21 
to 0.25) in the very low volume quintile (figure  1). In 
comparison to the very low volume quintile, odds of death 
were significantly reduced in all other volume quintiles 
(table 2). Within the analysis of continuous increment of 
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hospital volume, an independent effect on mortality was 
observed (figure 2). A minimum volume of 252 cases per 
year was calculated to achieve a risk of mortality below the 
average of 0.17%. The PIN resulting from this threshold 
was 2747 (2186 to 3701, table 3).

Overall, 843 000 patients with primary knee replace-
ment for arthrosis or arthritis were identified (table 1). 
Risk-adjusted mortality was 0.06% (95% CI 0.05 to 0.07) 
in the very high volume quintile versus 0.13% (0.11 to 
0.14) in the very low volume quintile (figure 1). Contin-
uous increment of hospital volume was independently 
associated with lower mortality (figure 2), and 228 annual 
cases were calculated as the minimum volume where risk 
of mortality would fall below the average of 0.10%. This 
minimum volume threshold resulted in an estimation 
of one preventable death among 4729 (3513 to 7269) 
primary knee replacement patients if all hospitals would 
perform at least 228 such operations per year (table 3).

In total, 434 000 patients with transurethral resection 
of prostate were studied (table 1). No statistically signif-
icant differences in inhospital mortality were found 
when patients were stratified by hospital volume quintiles 
(figure 1, table 2), and there was no significant associa-
tion of hospital volume and mortality when volume was 
analysed continuously (table 3).

Sensitivity analysis
Within the sensitivity analysis, hospital volume was deter-
mined more widely by considering all those treatments 
or procedures, which could be regarded as technically 
similar to the specific treatment for which outcome was 
measured. The specific restrictions for the purpose of 
outcome measurement were applied after determining 
volume. Using this divergent volume definition, results 
remained substantially unchanged in 23 out of the 25 
studied types of treatments.

Different findings were observed regarding isolated coro-
nary artery bypass graft, where the relation of volume and 
mortality was more pronounced when all related procedures 
(ie, coronary bypass grafts in patients with acute myocardial 
infarction or combined with other heart surgery instead of 
elective isolated coronary operations only) were considered 
for determination of hospital volume. Different from the 
findings in the main analysis, higher volume was constantly 
associated with lower mortality when patients were stratified 
by these volume quintiles.

The volume–outcome association in colorectal resections 
for diverticulosis diminished when hospital volume was 
determined by considering all colorectal resections, regard-
less from medical indication. In contrast to the results of the 
main analysis, no statistically significant relation between 
volume and outcome was observed under this approach.

Discussion
Lower inhospital mortality in association with higher 
hospital volume was observed in 20 out of the 25 studied 
types of treatment when volume was categorised in 

quintiles and persisted in 17 types of treatment when 
volume was analysed as a continuous variable. While 
a volume–outcome relationship was not found in all 
studied emergency conditions and low-risk procedures, it 
was more consistently present regarding complex surgical 
procedures. The potential benefit of a centralisation 
according to the calculated minimum volume thresholds 
varied depending on the treatment-specific risk of death 
and the strength of the association between volume and 
mortality.

The analysis included every patient who underwent 
one of the studied types of inpatient treatment in a 
German acute care hospital during the observation 
period. Limitations occur from the limited information 
available in administrative data, including lack of infor-
mation on appropriateness of patient selection for proce-
dures. Although types of treatment and covariates for 
risk adjustment were defined in a sophisticated way, it is 
possible that unmeasured differences in disease severity, 
comorbidity or appropriateness may partly explain the 
association between volume and outcome. However, 
it should be considered that the more severe patients 
should intentionally not be treated by low-volume hospi-
tals. Elective types of treatment were either defined 
by exclusion of patients with diagnoses pointing to an 
emergency admission or potential emergency diagnoses 
were considered within the risk adjustment models. 
However, this approach might not have fully separated 
elective admissions. The analyses could focus hospital 
volume only because physician volumes are not available 
in German administrative data. Regarding the determi-
nation of hospital volume, a possible misclassification of 
multicampus hospitals as high-volume providers must 
be taken into account, resulting in a possible underesti-
mation of the association between hospital volume and 
mortality.30 Finally, this study did not consider hospital 
characteristics like teaching status, type of ownership or 
location.

Inpatient treatments for emergency conditions 
revealed mixed results. Associations between higher 
hospital volume and lower mortality were found for 
treatment of acute myocardial infarction, heart failure, 
ischaemic stroke and COPD. These results are similar to 
findings of previous studies from other countries.6 7 31–36 
Regarding the treatment of patients with pneumonia, 
the analysis revealed higher mortality in hospitals with 
higher volumes. A similar finding has been reported by 
one previous US study,37 while another more recent US 
study found higher hospital volume being associated with 
lower mortality.6 No constant relation between volume 
and outcome was observed in hip fracture patients, 
similar to findings from a recent US study.38 However, 
a previous German study, which was based on national 
discharge data as well, but focused an earlier time period 
and surgically treated hip fracture patients only, found 
lower mortality related to higher hospital volumes.19 An 
Italian study observed a volume–outcome relation in hip 
fracture patients, too.36
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An association of lower mortality and higher hospital 
volume was observed for each studied type of elective 
heart and thoracic surgery. These findings correspond to 
those from several European and US studies.3 5 14 36 39–41 In 
the present study, a more pronounced volume–outcome 
association was found for lung resection than for the 
studied types of heart surgery. This might be explained 
by an already quite high degree of centralisation of heart 
surgery services in Germany.

The analysis of major visceral surgery treatments 
revealed the most pronounced associations between 
volume and mortality, for example, regarding oesopha-
geal surgery, cystectomy or pancreatic resection for carci-
noma. These results are well supported by international 
evidence of a strong volume–outcome association in 
complex visceral surgery.3 11 12 17 18 42–46

In the case of vascular surgery, the analyses demon-
strated lower mortality in association with higher hospital 
volume for lower extremity revascularisation, carotid 
endarterectomy and open repair of abdominal aortic 
aneurysm, in accordance to findings from the interna-
tional literature.3 5 36 47 48 A volume–outcome relation 
for abdominal aortic aneurysm repair (open, endovas-
cular or totally percutaneous) had been demonstrated 
by a previous German study based on national discharge 
data.19 In the present study, however, endovascular repair 
of abdominal aortic aneurysm was analysed separately, 
and no significant relationship between volume and 
mortality was observed. This finding is in contrast to one 
study from the US,49 while a more recent US study found 
no significant association.50

Among the studied types of elective low-risk surgery, 
lower mortality associated with higher volume was found 
for primary knee and hip replacements, supported by 
international findings.8 51–54 However, no such relation 
was observed for cholecystectomy, similar to one study 
from England,55 but in contrast to studies from Italy and 
Scotland, which found a modest association between 
volume and outcome in cholecystectomy patients.10 36 The 
effect of volume on mortality observed in patients under-
going inguinal or femoral hernia repair was small. Studies 
from the USA and Sweden reported a volume–outcome 
relation for hernia repair but focused different outcomes 
(hernia recurrence or reoperation rates) and determined 
volume rather on the surgeon level.56 57 Regarding trans-
urethral resection of prostate, no association between 
hospital volume and mortality was found. This confirms 
the findings of a Japanese study which found an associa-
tion regarding complication and blood transfusion rates, 
but not regarding mortality.58

Overall, the results of the present study seem plausible 
in view of the current literature. Discrepancies to find-
ings from other studies might be caused by differences 
in completeness of data or alternative methodological 
approaches, for example, regarding case definitions or 
volume determination. However, it is also possible that 
an association between volume and outcome is more 
or less existent in different countries, depending on 

characteristics of a healthcare system and hospital market 
structures.39

Minimum volume thresholds were calculated for 
those treatments, in which the association of volume 
and mortality persisted when volume was analysed as a 
continuous variable, which provides a strong indication 
that such an association truly exists. The highest popula-
tion impact of centralisation according to the calculated 
thresholds was estimated for oesophageal surgery and 
pancreatic resection for carcinoma. Compared with this, 
the potential for improvement might appear small in the 
case of treatments with a basically low risk of mortality. 
However, one should consider that risk of mortality 
is likely correlated with the occurrence of non-lethal 
adverse events, in particular with regard to low-risk proce-
dures. Thus, possible improvements of patient safety by 
centralisation might reach beyond effects on mortality.

When interpreting the findings of this study, one 
should note that observational studies cannot proof 
a causal volume–outcome relation. In consequence, 
this retrospective observational study cannot provide 
evidence that an application of the calculated thresh-
olds as minimum volumes would actually improve quality 
of care. Therefore, the threshold values are meant to 
serve as basic orientation points for policy decisions in 
Germany and as hypothesis-generating landmarks for 
further research. Although estimated rather conserva-
tively, roughly 80%–90% of hospitals providing a specific 
treatment performed annual volumes below the respec-
tive threshold and between 50% (acute myocardial infarc-
tion) and 70% (pancreatic resection for carcinoma) of 
patients were treated by those hospitals. Policy decisions 
on centralisation of services cannot rely on testing a statis-
tical association on observational data, alone. As well, the 
regional availability and accessibility of inpatient services 
must be considered, in particular regarding emergency 
treatments. Centralisation should be pushed primarily in 
oversupplied geographical regions. However, experiences 
from the Netherlands have demonstrated that centralisa-
tion of inpatient services improved national outcome.59

A previous German study concluded that full imple-
mentation of the existing minimum volume regulation 
could improve the quality of hospital care in Germany.24 
In addition to this, the present study identified further 
areas where centralisation could provide a benefit for 
patients and quantified the possible impact of centralisa-
tion efforts by using complete national hospital discharge 
data. These findings might support future policy deci-
sions in Germany.
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