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Abstract

Chronic thromboembolic pulmonary hypertension is considered as a rare but severe complication after acute pulmonary embo-
lism and is potentially curable by pulmonary endarterectomy. We aimed to evaluate, over an | |-year period, time trends of in-
hospital outcomes of pulmonary endarterectomy in chronic thromboembolic pulmonary hypertension patients and to investigate
predictors of the in-hospital course. VWe analyzed data on the characteristics, comorbidities, treatments, and in-hospital outcomes
for all chronic thromboembolic pulmonary hypertension patients treated with pulmonary endarterectomy in the German nation-
wide inpatient sample between 2006 and 2016. Overall, 1398 inpatients were included. Annual number of pulmonary endarter-
ectomy increased from 67 in 2006 to 194 in 2016 (P < 0.001), in parallel with a significant decrease of in-hospital mortality (10.9%
in 2008 to 1.5% in 2016; P < 0.001). Patients’ characteristics shifted slightly toward older age and higher prevalence of chronic
renal insufficiency and obesity over time, whereas duration of hospital stay decreased over time. Independent predictors of in-
hospital mortality were age (OR 1.03 (95%CI: 1.01-1.05); P=0.001), right heart failure (2.55 (1.37—4.76); P=0.003), in-hospital
complications such as ischemic stroke (6.87 (1.06—44.70); P =0.044) and bleeding events like hemopneumothorax (24.93 (6.18—
100.57); P <0.001). Annual pulmonary endarterectomy volumes per center below 10 annual procedures were associated with
higher rates of adverse in-hospital outcomes. Annual numbers of chronic thromboembolic pulmonary hypertension patients
treated with pulmonary endarterectomy increased markedly in Germany between 2006 and 2016, in parallel with a decrease
of in-hospital mortality. Our findings suggest that perioperative management of pulmonary endarterectomy, institutional experi-
ence, and patient selection is crucial and has improved over time.
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Introduction PEA is a complex procedure including the removal of

Chronic  thromboembolic ~ pulmonary  hypertension fibrous obstructive tissue from the pulmonary arteries

(CTEPH) is considered as a rare but severe complication during circulatory arrest under deep hypothermia and is

after acute pulmonary embolism with a high mortality

rate and poor prognosis if untreated.'> CTEPH is poten-

tially curable if treated by pulmonary endarterectomy *These authors contributed equally and share first authorship.

(PEA). A multicenter, international prospective study of  Corresponding author:

long-term outcome in CTEPH demonstrated that patients Lukas Hobohm, Center for Thrombosis and Hemostasis (CTH), University
& . p Medical Center Mainz (Johannes Gutenberg-University Mainz), 55131 Mainz,

who underwent PEA had a better three-year survival (89%)  Germany.

compared with patients without PEA (70%).”> However, Email: lukashobohm@unimedizin-mainz.de
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recommended as the gold standard by current guidelines to
ameliorate right ventricular compromise caused by high
pulmonary vascular resistance (PVR).? The in-hospital mor-
tality rate after PEA is ranging between 2.2 and 16.0%.%%¢
Recently, the European CTEPH registry demonstrated that
in PEA centers with <10 PEAs per year, mortality both
during in-hospital stay and at long-term was two-fold
higher than in centers with a larger operation volume.>
Notably, a greater proportion of CTEPH patients per one
million inhabitants referred for surgery in the UK and
Europe compared to the United States.”® Although the
principal technique of endarterectomy has not changed,’
PAH-specific medical therapy is frequently used as an addi-
tional treatment approach before PEA and the complex and
close collaboration of a multidisciplinary team including
pulmonologists, cardiothoracic surgeons, radiologists, and
anesthesiologists became an increasingly important
factor.'%!!

Progress in surgical experience and perioperative man-
agement as well as improvement in medical therapy over
the past decade has considerably improved the outcome of
patients with CTEPH, but a large study investigating time
trends of patient characteristics and predictors of in-
hospital outcomes for CTEPH patients treated with PEA
are still missing. Thus, we aimed to evaluate CTEPH
patients treated with PEA to investigate time trends and
predictors of the in-hospital course.

Methods

Data source

The computed study analyses were performed on our behalf
by the Research Data Center of the Federal Statistical
Office and the Statistical Offices of the federal states in
Wiesbaden, Germany (source: DRG Statistics 2006-2016,
own calculations). The Research Data Center provided us
aggregated statistical results on the basis of SPSS codes
(SPSS® software, version 20.0, SPSS Inc., Chicago, IL),
which were sent by us to the Research Data Center.'?

Diagnoses, procedural codes, and definitions

In Germany, diagnoses are coded according to the
International Classification of Diseases and Related
Health  Problems, 10th  Revision with  German
Modification (ICD-10-GM), and diagnostic, surgical, or
interventional procedures according to the German
Procedure Classification (OPS, surgery and procedures
codes (Operationen- und Prozedurenschliissel)). All
Diagnosis Related Groups diagnoses and OPS codes of hos-
pitalized patients are gathered by the Federal Statistical
Office of Germany. Thereby, we were able to identify all
hospitalized CTEPH patients (based on the ICD-code
127.20) with a procedure of PEA (based on the OPS code
5-381.42).

Coded parameters and study outcomes

Analyzed variables as comorbidities and clinical presenta-
tion comprised coronary artery disease (ICD-code 129),
cancer (ICD-codes C00-C97), left heart failure (ICD-code
150.1), right heart failure (ICD-code 50.0), atrial fibrillation/
flutter (ICD-code 148), chronic obstructive pulmonary dis-
ease (COPD; ICD-code J44), thrombophilia (ICD-code
D68.5, D68.6), arterial hypertension (ICD-code 110), chron-
ic renal insufficiency (ICD-code N18.3, N18.4, NI18.5,
N18.83, N18.84, N18.9), diabetes mellitus (ICD-code E10,
Ell, E12, E13, El4), tachycardia (ICD-code 147, R00.0),
syncope (ICD-code R55), and York Heart Association
(NYHA) classes III (ICD-code 150.13) and IV (ICD-code
150.14). Outcomes of this study comprised death of any
cause during the hospital stay (all-cause in-hospital death),
major adverse events such as ischemic stroke (ICD-code
163) or clinically relevant bleeding events (hematopneumo-
thorax (ICD-code 1J942), hemopericardium (ICD-code
131.2), transfusion of erythrocyte concentrates (OPS code
8-800), intracerebral bleeding (ICD-code 161), or gastroin-
testinal bleeding (ICD-code 160)). The primary outcome is
all-cause in-hospital death (ICD-10-GM code 161).
Conditions and outcomes observed in two or fewer patients
for each subgroup were censored to prevent re-
identification.

Ethical aspects

Since this study did not involve direct access to data of
individual patients by the investigators, approval by an
ethics committee and informed consent were not required,
in accordance with German law.

Statistical methods

While continuous variables are presented as median and
interquartile range (IQR), categorical variables were
provided and reported as absolute numbers and corre-
sponding percentages. Comparison of survivors versus
non-survivors were performed using the Mann—Whitney
U test for continuous variables and the Fisher’s exact or
chi-square test, as appropriate, for categorical variables.
The total numbers, proportion, incidence, relative mor-
tality rate, and length of in-hospital stay for CTEPH
patients undergoing PEA were calculated annually and
linear regressions were used to assess trends over time.
The results were presented as beta () and corresponding
95% confidence intervals (Cls). Patients undergoing PEA
during the observational period 2006-2016 were stratified
for procedural volumes per center. Patients were divided
in the ones treated in centers with an average annual
PEA volume of <10 over the 1l-year period (<110 pro-
cedures overall) and those in centers with > 10 proce-
dures annually (>110 overall). We further stratified the
study population into the patients treated in centers with
an annual average PEA volume of <25 versus >25
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procedures per year; and into <50 versus >50 proce-
dures. Groups were compared for in-hospital adverse
events.

Univariate and multivariate logistic regression models
were performed to investigate the impact of age, comorbid-
ities, and clinical conditions on the mortality during hospi-
talization (in-hospital mortality). Results were presented as
Odds Ratios and corresponding 95% Cls. Multivariate
logistic regression models included in a first analysis age
and sex. In a second model cancer (ICD-codes C00-C97),
coronary artery disease (ICD-code 125), heart failure (ICD-
code 150), COPD (ICD-code J44), essential arterial hyper-
tension (ICD-code 110), diabetes mellitus (ICD-codes
E10-E14), and chronic renal insufficiency (comprised diag-
nosis of chronic renal insufficiency stages 3—5 with glomer-
ular filtration rate <60 ml/min/1.73 m>, 1CD-code N18.3,
N18.4, N18.5, N18.83, N18.84, N18.9) were added to the
model with age and sex.

The software SPSS (SPSS® software, version 20.0, SPSS
Inc., Chicago, IL) was used for statistical analysis. P values
of <0.05 (two-sided) were considered to be statistically
significant.

Results

Baseline characteristics

We identified 1398 hospitalized CTEPH patients treated
with PEA between 2006 and 2016 in Germany. The majority
of patients were women (56.8%), had a median age of 62
years and a median hospital stay of 15 days (Table 1).
Cardiovascular comorbidities were common in these
patients: overall, 21.7% were diagnosed with coronary
artery disease and 31.0% with arterial fibrillation/flutter.
In addition, 11.9% of the patients had a diagnosis of
renal insufficiency and 14.2% were coded with COPD. In
total, 18.1% of the patients reported severe dyspnoea of
NYHA class 1T or IV (Table 1).

Predictors of in-hospital mortality

Overall, 88 (6.3%) CTEPH patients with PEA died during
the in-hospital stay. Non-survivors were older and had
more frequently comorbidities including right heart failure,
atrial fibrillation/flutter, and COPD. NYHA class III/IV
(46.6% vs. 16.2%, P<0.001) was also more prevalent in

Table I. Baseline characteristics, medical history, and presentation of the 1398 CTEPH patients with pulmonary endarterectomy (PEA)

(cumulative data of the years 2006—2016).

All patients Non-survivors Survivors
Parameters (n=1398) (n=188; 6.3%) (n=1310; 93.7%) P-values
Age (years) 62 (55-71) 68 (62-72) 61 (49-71) <0.001
Sex (female) 794 (56.8%) 52 (59.1%) 742 (56.6%) 0.739
In-hospital stay (days) 15 (12-21) 13 (7-19) 16 (14-21) <0.001
Obesity 78 (5.6%) 6 (6.8%) 72 (5.5%) 0.628
Comorbidities
Coronary artery disease 303 (21.7%) 26 (29.5%) 277 (21.1%) 0.081
Cancer 24 (1.7%) Censored Censored 0.660
Right heart failure 328 (23.5%) 56 (63.6%) 272 (20.8%) <0.001
Left heart failure 300 (21.5%) 42 (47.4%) 258 (19.7%) <0.001
Atrial fibrillation /flutter 434 (31.0%) 46 (52.3%) 388 (29.6%) <0.001
COPD 140 (10.0%) 17 (19.3%) 123 (9.4%) 0.005
Thrombophilia 62 (4.4%) 3 (3.4%) 59 (4.5%) 0.794
Essential arterial hypertension 701 (50.1%) 37 (42.0%) 664 (50.7%) 0.124
Chronic renal insufficiency 167 (11.9%) 14 (15.9%) 153 (11.7%) 0.235
Diabetes mellitus 105 (7.5%) 8 (9.1%) 97 (7.4%) 0.530
Clinical parameters
Tachycardia 17 (1.2%) 3 (3.4%) 14 (1.1%) 0.086
Syncope 12 (1.0%) Censored Censored 0.572
NYHA classes Il and IV 253 (18.1%) 41 (46.6%) 212 (16.2%) <0.001
Serious adverse events through hospitalization
Ischemic stroke 9 (0.6%) Censored Censored 0.106
Gastro-intestinal bleeding 8 (0.6%) 4 (4.5%) 4 (0.3%) 0.001
Hemopneumothorax Il (0.8%) 8 (9.1%) 3 (0.2%) <0.001
Shock 20 (1.4%) 10 (11.4%) 10 (0.8%) <0.001
Cardio-pulmonary resuscitation 35 (2.5%) 23 (26.1%) 12 (0.9%) <0.001
Hemoptysis 45 (3.2%) 16 (18.2%) 29 (2.2%) <0.001
Hemopericardium 26 (1.9%) 9 (10.2%) 17 (1.3%) <0.001

NYHA: New York Heart Association; COPD: chronic obstructive pulmonary disease.
Note: Values in bold indicate that the difference is statistically significant (P < 0.05).
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non-survivors as well as bleeding events such as gastrointes-
tinal bleeding, hemoptysis, hemopericardium, and hemop-
neumothorax compared to survivors (Table 1).

Independent predictors of in-hospital mortality in the
multivariate logistic regression model were age, right
heart failure, atrial fibrillation/flutter, and in-hospital
complications such as ischemic stroke, bleeding (e.g. hemo-
pericardium or hemopneumothorax), shock, and cardio-
pulmonary resuscitation (Table 2).

Trends between 2006 and 2016

Although the total number of CTEPH patients who under-
went PEA increased over the 11-year period (B: 0.69 (95%
CI: 0.51-0.86), P<0.001), the in-hospital mortality
decreased significantly, from 10.9% in 2008 to 1.5% in
2016 (B: —1.85 (95% CI: -2.46 to 1.24), P<0.001) (Table
S1 and Fig. 1). Patients’ age at the time of procedure
changed only slightly over time (B: 0.01 (95% CI: 0.01-
0.02), P=0.003). Comorbidities such as coronary artery
disease, atrial fibrillation/flutter, arterial hypertension,
chronic renal insufficiency, and diabetes mellitus remained
roughly unchanged over time. Interestingly, markers of dis-
ease severity other than NYHA III/IV (B: —1.50 (95% CI:
—1.89 to 1.12), P<0.001) or right heart failure (: —1.39
(-1.74 to —1.04), P<0.001) were less often present in
CTEPH patients over time during this 11-year analysis.
The time of in-hospital stay decreased over time (B: —0.21
(95% CI: -0.12 to —0.31), P =0.021). Serious adverse events
during hospitalization remained unchanged (Table S1 and
Fig. 2). In 2006, the majority (62.7%) of patients with a
CTEPH diagnosis were treated in PEA centers with a
volume performing on average <25 procedures annually.
In contrast, in 2016, the vast majority (88.2%) of patients
were treated in high volume PEA centers with more than
25 PEA surgical procedures per year (Figure S1).

Procedural volume and in-hospital events, mortality,
and complications

Patients treated with PEA in centers with a procedural
volume of <10 annually showed a considerably higher in-
hospital mortality compared to patients treated in centers
with > 10 PEA procedures (14.2 vs. 5.6%, P<0.001)
(Figure S2).

Discussion

This nationwide inpatient sample (NIS) included almost
1400 CTEPH patients undergoing PEA in Germany. The
key findings of our study can be summarized as follows: (1)
over the Ill-year period, the total annual numbers of
CTEPH patients undergoing PEA increased considerably;
(2) in parallel to a decrease of in-hospital mortality,
patients’ characteristics shifted toward older age but with
less severe symptoms or clinical findings; (3) predictors of

in-hospital death were age and right heart failure, but also
in-hospital complications such as ischemic stroke and bleed-
ing; and (4) PEA volume per center below a critical number
of at least 10 annual procedures was associated with higher
rates of adverse in-hospital events.

Comparison of the German NIS with other study
cohorts worldwide

Up to now, the European CTEPH registry® and a single-
center experience of 1500 CTEPH patients with PEA* were
the largest CTEPH cohorts, but reports from a large nation-
wide sample are missing. Patients in the German nationwide
sample were slightly younger (62 vs. 66 years) compared to
the European CTEPH registry and comparable to previous
PEA studies.*'*"'* A single-center CTEPH registry reported
a median in-hospital stay of 15 days (IQR: 13-18) from
2014 to 2015,° which is comparable with the present results.
Of note, the median in-hospital stay decreased over the 11-
year observational period from 19 days (IQR: 15-25) in
2006 to 15 days (IQR: 13-18) in 2016. In line with previous
reports,*> CTEPH was almost equally frequent in men
and women in our study cohort. CTEPH patients were
characterized by numerous severe comorbidities'> !” includ-
ing right heart failure, atrial fibrillation/flutter, and coro-
nary artery disease, whereas obesity or history of cancer
were less frequent described in comparison to the
International CTEPH registry.'® Interestingly, Germany
has a similar proportion of CTEPH patients referred to
surgery (per one million inhabitants per year) to the UK
(each 2.7 PEAs) but more compared to the rest of Europe
(1.7 PEAs per one million inhabitants per year) or substan-
tially more compared to the US (0.9 PEAs per one million
inhabitants per year).”® The in-hospital mortality rate was
6.8% over the entire 11-year time period. This is in line with
previously reported short-term mortality rates, which
ranged between 2.2 and 16.0%.%°

Predictors of in-hospital mortality in the German NIS

Regarding predictors of mortality, the UK-PH registry
demonstrated in 239 CTEPH patients that a preoperative
pulmonary resistance above 1000 dyne-s-cm > was associat-
ed with increased perioperative mortality, whereas higher
cardiac index and longer six-minute walk distance were
associated with a better perioperative survival.'® Similarly,
an elevated PVR as well as NYHA class IV were identified
as a predictor of 30-day mortality in 214" and 106*
CTEPH patients who underwent PEA in previous studies.
In the present study, NYHA class III/IV was also associated
with increased in-hospital mortality in an univariate, but
not in a multivariate logistic regression model. Neurologic
and bleeding complications are an important group of com-
plications after PEA. The rate of ischemic stroke in the
German NIS was coded with 0.6% during hospitalization
for PEA. The stroke incidence during cardiac surgery has
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Fig. 1. Annual numbers and in-hospital mortality rate of hospitalized CTEPH patients undergoing PEA between 2006 and 2016 in Germany.
CTEPH: chronic thromboembolic pulmonary hypertension; PEA: pulmonary endarterectomy.

been reported higher from 0.8 to 4.5% in retrospective stud-
ies.?'?* Next to reperfusion lung edema, peri- and postop-
erative bleeding events are feared complications.” Our
findings demonstrated less often bleeding complications
such as hemopneumothorax or hemopericardium with a
rate of 0.8 and 1.9%, respectively, compared to previous
studies.”** However, despite those bleeding events
occurred rarely in the Germany NIS, the present study iden-
tified hemopneumothorax and hemopericardium indepen-
dently predicting in-hospital mortality.

Time trends in CTEPH patients undergoing PEA

Two previous studies demonstrated trends in patients’ char-
acteristics between two time segments for PEA surgery.*?°
Madani et al. compared 1000 patients operated between
March 1999 and October 2006 with 500 patients operated
between October 2006 and December 2010.* As a result,
they established a lower PVR and a higher cardiac output
as patient characteristics’ in the more recent time frame
(2006-2010).* Total number of CTEPH patients with
severe dyspnoea and right heart failure, who were operated
with PEA, decreased over time in the German NIS, and are
in line with findings of Madani et al.* Interestingly, while
the number of PEA per month remains stable between both
groups,® the German nationwide sample observed an
increased number of PEAs over the observation period of
11 years. In earlier studies, which included CTEPH patients
from the late 1919s to 2006,%%"?® the in-hospital mortality
ranged between 7.8 and 16.0% and decreased over time in
recent study cohorts (including patients from 2006 to 2014)
with a mortality rate from 2.2 to 2.5%.%*° Those results
were confirmed in our nationwide sample with a consider-
able drop in-hospital mortality rate from 2006 with 10.9%
to 2016 with 1.5%. Additionally, the fact that, in recent

years, patients were predominantly treated in centers with
more than 25 PEA surgical procedures per year, might
explain the decrease in mortality (Figure S1).

Impact of center volumes regarding number of PEA

Our study results and previous studies suggest that the sur-
gical technique, and also general patient care, have
improved over time, and that PEA can be performed
safely in experienced centers.” However, data regarding
the impact of institutional experience on the patient out-
comes are sparse. The results of the present study indicate
that mortality was more than two-fold higher in centers
performing < 10 PEAs per year, compared to those with a
larger volume of surgical procedures. Those results are in
line with results from an international prospective CTEPH
registry.> A previous trial suggested that an “experienced”
surgeon be defined as one who performs >20 PEAs per
year.”’ Although the current study cannot distinguish indi-
vidual surgeon volume and experience, our data suggest
that the procedural volume of a center should exceed a crit-
ical number of at least 10 PEA per year to ensure low peri-
operative mortality and low rates of adverse in-hospital
events.

Limitations

There are limitations of our study that require consider-
ation: the analysis is based on ICD discharge codes used
for re-imbursement of costs, which might lead to incomplete
data due to under-/overreporting and under-/overcoding.
Therefore, we focused on hard endpoints such as in-
hospital death and in-hospital complications, which are
very unlikely to be miscoded or not coded. This study
includes in-hospital results only and cannot address the
long-term course. Moreover, we were able to study the



Pulmonary Circulation Volume Il Number2 | 7

66

)

64
62
60
58
56

Patients'age (years)

52
50

48

2006 2007 2008 2009 2010

_
=2

70%
60%
50%
40%
30%
20%
10%

0%

Prevalence of comorbities (%)

2006 2007 2008 2009 2010

Coronary artery disease

Chronic renal insufficiency

——Right heart failure

—_—
()
-

Prevalence of NYHA IIl and IV classes (%)

2006 2007 2008 2009 2010

Stay in-hospital

2011 2012 2013 2014 2015 2016

Age (years)

2011 2012 2013 2014 2015 2016
—— Atrial fibrillation

Left heart failure

=—LOND

In-hospital stay (days)

2011 2012 2013 2014 2015 2016

(days) ——NYHA IlI/IV

Fig. 2. Trends regarding age, in-hospital stay (a) and comorbidities (b and c) in hospitalized CTEP patients undergoing PEA from 2006 and 2016

in Germany.

COPD: chronic obstructive pulmonary disease; NYHA: New York Heart Association.

association between variables registered during hospitaliza-
tion, but had no information on their temporal or causal
relationship. It also needs to be mentioned that the available
data do not include individual surgeon volume or the
EUROSCORE II of each patients. Finally, due to national
data protection regulations, we were not allowed to show
the results of analysis for complications or procedures
involving in two or fewer patients for each subgroup.

Conclusion

The data from this nationwide patient sample highlight a
marked increase in the number of CTEPH patients treated
with PEA in Germany between 2006 and 2016. In parallel,
in-hospital mortality decreased substantially. Independent
predictors of in-hospital mortality were age and right
heart failure, and in-hospital complications such as ischemic
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stroke and bleeding events. Our findings may suggest that
perioperative management of PEA, institutional experience,
and patient selection have improved over time and might
draw more attention to further predictors of in-hospital
mortality in patients with CTEPH undergoing PEA.
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