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Abstract Background Literature demonstrated that procedure volumes affect outcomes of
patients undergoing transcatheter aortic valve implantation. We evaluated the out-
comes of surgical aortic valve replacement.
Methods All isolated surgical aortic valve replacement procedures in Germany in
2017 were identified. Hospitals were divided into five groups from �25 (very low
volume) until >100 (very high volume) annual procedures.
Results In 2017, 5,533 patients underwent isolated surgical aortic valve replace-
ment. All groups were of comparable risk (logistic EuroSCORE, 5.12–4.80%) and age
(66.6–68.1 years). In-hospital mortality and complication rates were lowest in the very
high-volume group. Multivariable logistic regression analyses showed no significant
volume–outcome relationship for in-hospital mortality, stroke, postoperative delirium,
and mechanical ventilation> 48 hours. Regarding acute kidney injury, patients in the
very high-volume group were at lower risk than those in the very low volume group
(odds ratio [OR]¼ 0.53, p¼ 0.04). Risk factors for in-hospital mortality were previous
cardiac surgery (OR¼5.75, p<0.001), high-grade renal disease (glomerular filtration
rate<15mL/min, OR¼5.61, p¼ 0.002), surgery in emergency cases (OR¼2.71,
p¼0.002), and higher grade heart failure (NYHA [New York Heart Association]
III/IV; OR¼1.80, p¼0.02). Risk factors for all four complication rates were atrial
fibrillation and diabetes mellitus.
Conclusion Patients treated in very low volume centers (�25 operations/year) had a
similar risk regarding in-hospital mortality andmost complications compared with very
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Introduction

In a recent publication, a minimum volume of 50 procedures
per center and year was found to be suitable to allow for
sufficient routine and thus better in-hospital outcomes in
patients undergoing transcatheter aortic valve implantation
(TAVI).1 Volume–outcome relationships have also been pub-
lished for various cardiac operations such as coronary artery
bypass graft (CABG),2–4 mitral valve replacement,3 or surgi-
cal aortic valve replacement (SAVR).5–7 In earlier studies,
Nimptsch and Mansky5 found a slightly lower in-hospital
mortality rate with higher annual case numbers in patients
undergoing SAVR, but since then TAVI has developed rapid-
ly.8–10 The indication, which was initially limited to patients
with isolated aortic valve stenosis and very high operative
risk, has been increasingly expanded11–14 and, consequently,
has led to altered profiles of patients undergoing SAVR.15

It may be speculated that these alterations could affect
patient outcomes with respect to the center volume. There-
fore, we performed an analysis of all SAVR procedures
conducted in German hospitals in 2017. We analyzed in-
hospital mortality and complications with regard to the
case numbers of the respective centers. Furthermore, we
investigated other influencing factors on in-hospital
outcomes.

Patients and Methods

Data and Measures
Since 2005, data on all hospitalizations 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
hospitalization data, including diagnoses and procedures,
are a valuable source of representative nationwide data on
the in-hospital treatment of patients. This database repre-
sents a virtually complete collection of all hospitalizations
in German hospitals that are reimbursed according to the
DRG system. From this database, we extracted data on all
isolated SAVR procedures conducted in the latest available
year 2017. Isolated SAVR procedures were defined using the
German Operation and Procedure Classification (OPS) codes
with the inclusion of all aortic valve procedures and the
exclusion of concomitant procedures at the mitral valve,
tricuspid valve procedures, CABG procedures, and maze
procedures (see ►Supplementary Table S1 [available in
the online version only]). As described previously,9 patients
with a baseline diagnosis of pure aortic regurgitation (main
or secondary diagnosis other than International Classifica-
tion of Diseases, Tenth Revision [ICD-10] codes I35.0, I35.2,
I06.0, I06.2) and those with concomitant cardiac surgery or

percutaneous coronary intervention were not included in
this analysis.

The respective patients were classified into five groups,
starting with �25 procedures per center and year (very low
volume) and ending at >100 procedures (very high vol-
ume). By choosing these groups, we were able to compare
hospitals with, on the one hand, very low and, on the other
hand, very high annual case numbers. In addition, these five
volume groups were chosen as categorical values instead of
continuous ones to be able to make clear and practicable
recommendations. Furthermore, we wanted to investigate
whether especially centers with very low volume of �25
operations/year achieve different outcomes than the larger
centers. For calculating p-values and risk adjustment, cen-
ters with �25 cases per year were therefore used as
reference.

The analysis focused on five different end points: in-
hospital mortality, stroke, acute kidney injury (AKI), postop-
erative delirium, and mechanical ventilation exceeding
48 hours. Stroke and AKI were defined using ICD-10 codes
(secondary diagnosis I63� or I64 and N17�, respectively). In-
hospital mortality and length ofmechanical ventilationwere
part of DESTATIS’ main set of variables. All other comorbid-
itieswere defined byexisting anamnestic or acute distinctive
codes.

For calculation of the estimated logistic European System
for Cardiac Operative Risk Evaluation (EuroSCORE), we were
able to populate all fields except for critical preoperative
state and left ventricular function, which were not available
in the dataset provided byDESTATIS. In these,we assumed an
inconspicuous state (i.e., no critical preoperative state and no
left ventricular dysfunction) and thus calculated a best-case
scenario.

Statistical Analysis
In descriptive analyses of baseline characteristics and out-
comes, groups were compared using chi-square tests or
unpaired t-tests. To determine the impact of procedure
volumes on the various end points, multivariable logistic
regression analyses were performed. Beside procedure vol-
ume categories, a total of 21 baseline patient characteristics
were included as potential confounders (as described previ-
ously9; all covariates listed in ►Table 1). Cluster-robust
standard errors were used to account for the correlation of
error terms of patients treated in the same hospital. No
adjustment for multiple testing was performed. Thus, p-
values may not be interpreted as confirmatory but are
descriptive in nature and inferences drawn from the 95%
confidence intervals may not be reproducible. All analyses
were performed using Stata 16.0 (StataCorp, College Station,
Texas, United States).

high-volume centers (>100 operations/year). Only in the case of acute kidney injury,
very high-volume centers showed better outcomes than very low volume centers.
Therefore, surgical aortic valve replacement can be performed safely independent of
case volume.
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Results

Baseline Characteristics
In 2017, 5,533 patients underwent isolated SAVR in
Germany. Of these, 154 were treated in the very low
volume group (�25 cases/year) and 2,442 in the very
high-volume group (>100 cases/year; ►Table 1). Also,
81.87% were accounted for hospitals with >50 procedures
per year. Patients in all groups had a comparable, slightly
falling preprocedural risk with higher volume according to
the mean logistic EuroSCORE (5.12% in the very low
volume group vs 4.80% in very high) and a comparable
mean age (66.6–68.1 years over all groups). About one-

third was female (35.62% on average). Unadjusted in-
hospital mortality and all observed complication rates
(stroke, AKI, delirium, ventilation>48 hours) were lowest
in the very high-volume group (►Fig. 1). Most common
comorbidities were arterial hypertension (57.15% on aver-
age), atrial fibrillation (41.32% on average), and heart
failure (NYHA [New York Heart Association] III/IV;
31.81% on average).

Volume–Outcome Relationship
Using centers with �25 cases per year as reference, data
showed slight differences for in-hospital mortality between
groups with regard to procedure volume that are not

Table 1 Baseline characteristics and in-hospital outcomes of patients treated with isolated SAVR in 2017

�25 procedures
(very low)

26–50
procedures
(low)

51–75
procedures
(medium)

76–100
procedures
(high)

>100
procedures
(very high)

p-Value
(�25 vs
all other
groups)

N 154 849 949 1,139 2,442

Logistic EuroSCORE, mean/SD 5.12/4.27 5.06/4.35 5.02/4.39 4.96/4.60 4.80/4.04 0.744

Age in years, mean/SD 66.59/9.63 67.05/9.75 68.05/9.56 67.78/9.74 67.39/10.11 0.253

Female, % 31.17% 34.63% 33.40% 35.56% 37.14% 0.242

NYHA II, % 12.34% 12.25% 9.48% 11.41% 21.87% 0.226

NYHA III or IV, % 31.82% 30.15% 34.56% 39.16% 27.89% 0.998

CAD, % 20.13% 20.97% 19.60% 19.58% 20.52% 0.976

Hypertension, % 70.13% 63.72% 52.58% 53.73% 57.41% 0.001

Previous MI within 4 mo, % –a 0.59% 0.63% 0.70% 0.82% –a

Previous MI within 1 y, % 0% 0% 0.32% 0.26% 0.49% 0.472

Previous MI after 1 y, % –a 2.36% 2.32% 1.84% 1.68% –a

Previous CABG, % 1.95% 2.24% 1.16% 1.32% 1.02% 0.488

Previous cardiac surgery, % 5.19% 7.07% 3.06% 4.04% 3.60% 0.521

Peripheral vascular disease, % 2.60% 3.53% 4.74% 4.92% 5.32% 0.196

Carotid disease, % 7.14% 4.95% 4.74% 4.57% 4.42% 0.139

COPD, % 11.04% 9.78% 11.28% 10.18% 7.45% 0.403

Pulmonary hypertension 9.09% 10.25% 6.95% 8.96% 11.83% 0.678

Renal disease, GFR< 15 mL/min, % –a 1.06% 1.26% 0.97% 0.33% –a

Renal disease, GFR< 30 mL/min, % –a 0.71% 0.84% 0.70% 1.31% –a

Atrial fibrillation, % 40.91% 39.34% 37.72% 43.55% 42.38% 0.917

Diabetes mellitus, % 25.97% 22.85% 25.71% 23.79% 22.77% 0.479

Emergency, % 17.53% 9.66% 11.49% 6.58% 3.03% <0.001

In-hospital mortality 1.95% 2.24% 2.11% 2.19% 0.98% 0.741

Stroke 2.60% 2.36% 3.37% 2.28% 1.64% 0.583

AKI 12.34% 7.66% 8.01% 7.90% 6.27% 0.026

Postoperative delirium 9.74% 11.31% 15.70% 16.33% 9.66% 0.384

Ventilation>48 h 7.14% 7.30% 13.38% 6.67% 4.95% 1.000

Abbreviations: AKI, acute kidney injury; 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; MI, myocardial infarction; N, number of
procedures; NYHA, New York Heart Association; SAVR, surgical aortic valve replacement; SD, standard deviation.
aAny information allowing the drawing of conclusions about a single patient or a specific hospital was censored by DESTATIS to guarantee data
protection.
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significant after risk adjustment (>100 procedures: adjusted
odds ratio [OR]¼0.55, p¼0.24; ►Supplementary Table S2

[available in the online version only]).
Considering in-hospital complications, multivariable

logistic regression analyses showed no significant inverse
volume–outcome relationship for the end points stroke,
postoperative delirium, and mechanical ventilation>48
hours. Regarding the end point AKI, patients treated in
hospitals of the very high-volume group were at a
lower risk than patients treated in the very low volume
group (OR¼0.53, p¼0.04). Also, slight differences re-

garding the very high-volume group that are not signifi-
cant were seen in stroke and ventilation>48 hours
(►Fig. 2).

Influencing Factors
A significantly higher in-hospital mortality was observed in
patients with previous cardiac surgery (OR¼5.75, p<0.001)
and a high-grade renal disease with glomerular filtration
rate (GFR)<15mL/min (OR¼5.61, p¼0.002). Furthermore,
surgery in emergency cases was a significant predictor of
higher mortality (OR¼2.71, p¼0.002), as well as age (OR

Fig. 1 Unadjusted in-hospital outcomes per hospital category in 2017. AKI: acute kidney injury.

Fig. 2 Risk-adjusted odds ratios for in-hospital outcomes per hospital category in 2017. Risk-adjusted odds ratios (green marks) and 95%
confidence intervals (black lines), divided up according to the number of SAVR procedures treated per hospital in 2017. AKI, acute kidney injury.
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¼1.03, p¼0.03). Also, patients with higher grade heart
failure (NYHA III/IV) had a significantly higher mortality
rate (OR¼1.80, p¼0.02), while those with a lower grade
heart failure (NYHA II) tended to have a lower one (OR¼0.24,
p¼0.06).

Significant risk factors on all four in-hospital complica-
tionswere atrial fibrillation (stroke: OR¼1.72, p¼0.01; AKI:
OR¼2.04, p<0.001; delirium: OR¼1.77, p<0.001; ventila-
tion>48hours: OR¼2.19, p<0.001) and diabetes mellitus
(stroke: OR¼1.69, p¼0.007; AKI: OR¼1.54, p<0.001; de-
lirium: OR¼1.39, p¼0.002; ventilation>48hours: OR
¼1.39, p¼0.003).

Diverging results were found for age (stroke: OR¼0.95,
p<0.001; AKI: OR¼1.02, p¼0.004; delirium: OR¼1.04,
p<0.001; ventilation>48hours: OR¼1.00, p¼0.59), previ-
ous cardiac surgery (stroke: OR¼0.17, p¼0.03; AKI: OR
¼4.40, p<0.001; delirium: OR¼0.84, p¼0.52; ventilation
>48hours: OR¼3.17, p<0.001), chronic obstructive pul-
monary disease (stroke: OR¼0.45, p¼0.03; AKI: OR¼1.51,
p¼0.009; delirium: OR¼1.25, p¼0.10; ventilation>48
hours: OR¼1.48, p¼0.05), pulmonary hypertension
(stroke: OR¼0.10, p<0.001; AKI: OR¼1.83, p¼0.003; de-
lirium: OR¼0.72, p¼0.13; ventilation>48hours: OR
¼1.09, p¼0.65), and emergency admissions (stroke: OR
¼0.32, p¼0.01; AKI: OR¼2.32, p<0.001; delirium: OR
¼0.95, p¼0.78; ventilation>48hours: OR¼1.40, p¼0.07).

As also seen in in-hospital mortality, a higher grade heart
failure (NYHA III/IV) was related to a significantly higher rate
of AKI (OR¼1.95, p¼0.002) and ventilation>48hours (OR
¼1.67, p¼0.002), while a lower one showed a significantly
lower rate of ventilation>48hours (OR¼0.53, p¼0.007)
and slight, although not significant, differences toward lower
rate of stroke (OR¼0.53, p¼0.08).

Furthermore, significant risk factors on at least one in-
hospital complication were EuroSCORE (stroke: OR¼1.29,
p<0.001; delirium: OR¼1.05, p¼0.02), coronary artery dis-

ease (ventilation>48hours: OR¼1.44, p¼0.005), and higher
grade renal disease (GFR<15mL/min, ventilation>48hours:
OR¼3.40, p¼0.001; GFR<30mL/min, AKI: OR¼4.54,
p<0.001; ventilation>48hours: OR¼1.91, p¼0.01).

Lower rates of some in-hospital complications were ob-
served in female patients (stroke: OR¼0.37, p<0.001; de-
lirium: OR¼0.56, p<0.001), patients with previous CABG
(AKI: OR¼0.36, p¼0.02; ventilation>48hours: OR¼0.32,
p¼0.009), and patients with carotid disease (ventilation
>48hours: OR¼0.49, p¼0.01).

Discussion

We analyzed all isolated SAVR procedures in Germany in
2017 to examine possible influences of annual hospital case
numbers and baseline characteristics on in-hospital out-
comes of SAVR. Interestingly, in this specific cohort, and in
contrast to patients undergoing TAVI,1 patients treated in
very low volume centers (�25 SAVR/year) had a similar risk
with regard to in-hospital outcomes compared with patients
treated in very high volume centers (>100 SAVR/year). The
difference between TAVI and SAVR may be due to a longer
learning curve over many decades in treating patients
surgically.

The present data show that the largest amount of SAVR
procedures is performed in higher volume centers, which
was also found for TAVI in Germany.1,16 Surprisingly, we
observed a decrease of the EuroSCORE in centers with higher
operation numbers. This could be due to a different therapy
choice and allocation to SAVR or alternatively TAVI in very
high versus very low volume centers, based on a decision by
the heart team. Since TAVI is mostly performed in high-
volume centers,1,16 this could result in particularly patients
with a higher risk receiving TAVI, if possible, and conse-
quently the average risk in SAVR is lower, especially in higher
volume centers. In addition, the present results show that
very low volume centers treat significantly more emergency
cases, which most likely also contributes to the higher Euro-
SCORE in very low volume centers.

Unadjusted in-hospital mortality and all observed com-
plication rates (stroke, AKI, delirium, ventilation>48hours)
were lowest in the very high volume group. After risk
adjustment, data showed no significant difference between
groups for in-hospital mortality and most complications
(stroke, delirium, ventilation>48hours). For AKI, patients
treated in the very high-volume group were at a lower risk
than those treated in the very low one. Therefore, our results
indicate that patients treated with SAVR in very low volume
centers were of comparable risk for in-hospital outcomes,
which is in contrast to the volume–outcome relationships
described in the literature for TAVI.1,16–19 This difference
could be due to the fact that SAVR is a standard surgical
operation and an integral part of surgical training with
decades of experience. In contrast, TAVI is usually only
offered at specialized centers. In addition, surgical learning
effects in SAVR result from the sum of different operations,
whereas TAVI is a special procedure that can only be partially
compared with other catheter-based procedures such as
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coronary angiography. Furthermore, taking into account the
only small differences seen between very low and very high-
volume centers in SAVR, the team performance seems very
important. Also, the indication of TAVI, which was initially
limited to patients with isolated aortic valve stenosis and
very high operative risk, has been increasingly expand-
ed11–14 and, consequently, has led to altered profiles of
patients undergoing SAVR15 toward more selected patients
who are younger and have fewer comorbidities as well as a
lower operative risk.

It is also interesting that very low volume centers treat
significantly more emergency cases than the other volume
groups and still achieve good results. It is worth considering
that SAVR isperformed invery lowvolume centers bya limited
number of experienced surgeons, which leads to good out-
comes. However, in higher volume centers, there might be
several residents in training, leading tomixed results. Further-
more, especially in very high-volume centers, there may be
many experienced surgeons, which in turn leads to good
results. This couldalso explain the slightly highercomplication
rates in the intermediate groups. In this context, it should be
mentioned again that our study ultimately analyzed the
performance of the centers and not of individual operators.
Center experience therefore plays a major role.

Since the available data showed only minor differences in
the outcomes between higher and lower volume centers, no
specific threshold or ideal number of cases can be derived.
Centers with lower volumes could also play an important
role, e.g., in emergency cases and in regions with compara-
tively few hospitals.

Volume–outcome relationships for SAVR have been ana-
lyzed in several studies in the past. Nimptsch and Mansky5

examined the volume–outcome relationship for SAVR in
Germany between 2009 and 2014. They found an influence
in favor of high-volume centers regarding the adjusted in-
hospital mortality of 2.4% in the very high-volume quintile
versus 3.1% in the very low volume quintile. The difference is
significant but <1%. Other factors such as in-hospital com-
plications were not investigated.

Brescia et al6 investigated the volume–outcome relation-
ship in Michigan, United States, between 2012 and 2016.
They found better results in high-volume centers in terms of
lower episode payments and shorter length of stay. However,
the authors did not compare in-hospital outcomes such as
mortality or complications as done in our data.

He et al,7 in a systematic review and meta-analysis from
2020, examined six studies on SAVR. They summarize a
volume–outcome relationship for short-term mortality in
favor of high-volume hospitals. However, the authors them-
selves note that some of the analyzed studies show observa-
tion periods that lie far in the past until 1994, ending in 2011.
Since the studies examined results from an era before or at
the beginning of TAVI, a comparison with today’s results and
a transfer to the present are limited because of current
technical innovations and also possible synergy effects be-
tween SAVR and TAVI.

Those synergy effects are described, e.g., by Jack et al.20

They explain, based on a comparison of outcomes after SAVR

in hospitals with TAVI and thosewithout in the United States,
that centers with simultaneous TAVI achieve better results
after SAVR in the form of mortality and discharge disposition
than without. A positive influence through the involvement
of an interdisciplinary heart team as well as possible differ-
ences in patient choice in centers with TAVI option is dis-
cussed. In a similar way, Singh et al21 concluded that centers
with simultaneous TAVI offer better results after SAVR in
terms ofmortality and complications thanwithout. Thus, the
availability of TAVI seems to have a positive influence on the
management of patients with aortic valve stenosis. They also
discuss the importance of a heart teambecause of easier joint
decision making as well as improved patient selection,
procedural performance, and complications management.

Furthermore, Khera et al22 discussed that not only case
number but also other factors such as risk are important
because volume alone would lead to a misclassification of
performance.

Our data show that EuroSCORE is a risk factor for compli-
cation rates. This seems logical, as those patients with higher
EuroSCORE are generally sicker overall. The same applies to
the relationship that riskof bothmortality and complications
increases with higher grade heart failure (NYHA III/IV). Also,
a higher grade renal disease is a relevant risk factor; depend-
ing on the severity, it increases the risk of AKI and ventilation
or even mortality.

Especially atrial fibrillation and diabetes mellitus are
significantly associated with higher risk for all four in-
hospital complications (stroke, AKI, delirium, ventilation
>48hours). In-hospital mortality was not affected by either.
López-de-Andrés et al23 analyzed the influence of diabetes
mellitus on mortality. They found a constant rate for me-
chanical valves and even a falling one for bioprostheses.
Length of hospital stay was significantly longer in patients
with diabetes mellitus. Ram et al24 showed no impact of
diabetes mellitus on in-hospital as well as 1- and 3-year
mortality, but 5- and 10-year mortality was significantly
higher in patients with diabetes mellitus. However, no
complication rates were investigated.

Patients with certain baseline characteristics such as
previous CABG or carotid disease achieved lower rates of
in-hospital complications. This could be explained by the fact
that these patients with certain isolated baseline character-
istics possibly are already being treated and regular check-
ups take place. They are therefore assigned to SAVR in time
and are optimally prepared for it, e.g., with regard to previ-
ous medication. As a result, the outcomes are better
afterward.

Female gender was found to be a protective factor, par-
ticularly for stroke and delirium, but also in a nonsignificant
range for the other observed outcomes. This is surprising
because female gender is generally considered a risk factor
for SAVR25 and also is taken into account in various risk
scores such as logistic EuroSCORE, EuroSCORE II, or Society of
Thoracic Surgeons (STS) score.26–29 This can also be an
indication of a possibly shifted patient profile between
TAVI and SAVR compared with a time before or at the
beginning of TAVI. Since female patients appear more
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suitable for TAVI,30 only selected female patientsmay receive
SAVR.

Limitations

There are certain limitations beyond those typical of retro-
spective studies, in accordance with previous analyses.1,16

First, in administrative data coding errors are almost un-
avoidable. However, approximately 20% of DRG are reviewed
by independent physician teams from health insurances, so
overall reliability should be good. Furthermore, risk adjust-
ment included parameters whose reliability cannot be fully
secured, and we cannot guarantee that all parameters of
relevance are included in the model. For example, no infor-
mation about the type of valves or devices used in individual
procedures is available in the dataset. Therefore, this infor-
mation could not be used for risk adjustment. Also, informa-
tion regarding the experience of surgeons would be highly
relevant for the analysis but is unavailable, so we can only
compare hospitals in Germany but not surgeons. In addition,
we only looked at the summed-up results of patient cases per
center for 1 year, so no conclusions can be drawn about the
learning curve of hospitals or individual surgeons. Finally,
the study only analyzed isolated SAVR, so combined oper-
ations, e.g., with CABG, were not considered. This makes
sense from a clinical perspective, but may make it hard to
compare with other datasets andmay lead to bias in hospital
volume and outcome.

Conclusion

Patients treated in very low volume centers had a similar risk
regarding in-hospital mortality and most complications
compared with very high-volume centers. Only in the case
of AKI, patients in the very high-volume groupwere at lower
risk than those in the very low one. Hence, SAVR can be
performed safely independent of case volume in the era of
TAVI. Risk factors for in-hospital mortality after SAVR were
previous cardiac surgery, high-grade renal disease (GFR<15
mL/min), surgery in emergency cases, higher grade heart
failure (NYHA III/IV), and age.

Note
This article was presented at the 87th Annual Meeting
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