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Abstract

In Germany, a comprehensive reimbursement policy for extracorporeal membrane oxygenation (ECMO) results in the
highest per capita use worldwide, although benefits remain controversial. Public ECMO data is unstructured and poorly
accessible to healthcare professionals, researchers, and policymakers. In addition, there are no uniform policies for ECMO
allocation which confronts medical personnel with ethical considerations during health crises such as respiratory virus
outbreaks.Retrospective information on adult and pediatric ECMO support performed in German hospitals was extracted
from publicly available reimbursement data and hospital quality reports and processed to create the web-based ECMO
Dashboard built on Open-Source software. Patient-level and hospital-level data were merged resulting in a solid base
for ECMO use analysis and ECMO demand forecasting with high spatial granularity at the level of 413 county and city
districts in Germany.The ECMO Dashboard (https://www.ecmo-dash.de/), an innovative visual platform, presents the
retrospective utilization patterns of ECMO support in Germany. It features interactive maps, comprehensive charts, and
tables, providing insights at the hospital, district, and national levels. This tool also highlights the high prevalence of
ECMO support in Germany and emphasizes districts with ECMO surplus — where patients from other regions are treated,
or deficit — origins from which ECMO patients are transferred to other regions. The dashboard will evolve iteratively to
provide stakeholders with vital information for informed and transparent resource allocation and decision-making.Acces-
sible public routine data could support evidence-informed, forward-looking resource management policies, which are
urgently needed to increase the quality and prepare the critical care infrastructure for future pandemics.
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Introduction

Extracorporeal life support (ECLS) techniques are an
integral part of modern intensive care medicine. Of these,
veno-venous (V-V) and veno-arterial (V-A) extracorporeal
membrane oxygenation (ECMO) are therapeutic options for
patients with cardiac and/or respiratory failure who do not
respond to conventional treatment. Due to the small number
of patients worldwide and the difficulties of randomized tri-
als in this critically ill population, the quality of evidence and
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specific guidelines for patient selection and treatment are
limited [1, 2]. Despite the initial success of ECMO in neona-
tal respiratory failure, its benefit in various clinical scenar-
ios in other populations has not been clearly demonstrated
[3-9]. In addition, ECMO requires substantial financial and
human resources and carries a significant risk of compli-
cations [10—12]. Both the guideline of the German Society
for Thoracic, Cardiac and Vascular Surgery and a posi-
tion paper of the International Extracorporeal Life Support
Organization (ELSO) recommend thorough consideration
of the use of ECMO by an experienced multidisciplinary
team [13, 14]. High-volume multidisciplinary centers with
sufficient experienced staff, regular training, and appropri-
ate funds potentially provide the optimal setting for a safe,
high-quality ECMO program. Accordingly, ECMO support
in high-volume compared to low-volume centers is asso-
ciated with better patient outcomes in Germany [15] and
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worldwide [16]. During past respiratory virus outbreaks,
including severe acute respiratory syndrome (SARS), HIN1
influenza, Middle East respiratory syndrome (MERS), and
the recent coronavirus disease (COVID-19) pandemic,
ECMO has been used at increasing rates and with advanced
technical maturity but without medical consensus [17—19].
It is particularly in such crisis situations that, in addition
to the challenging work, the assignment of resources and
ethical considerations weigh heavily on the shoulders of the
medical staff [20, 21].

National clinical quality registries offer significant ben-
efits to critical care medicine by facilitating the system-
atic collection, analysis, and interpretation of clinical and
epidemiological data, promoting the identification of best
practice, highlighting areas for improvement, and providing
information for policy and guideline development [22]. The
international ELSO registry (https://www.elso.org/registry.
aspx) is an important pillar for improving the safety and
efficiency of ECMO in clinical practice. It collects compre-
hensive medical data and outcomes of ECMO patients in
participating ELSO centers worldwide and provides data for
research, clinical guidelines, and benchmarking. Since the
Covid-19 pandemic, the ELSO added an online availability
map where individual centers could report if they had avail-
able ECMO capacities, but mainly the last updates are older
than 2 years. Since April 2020, the German Interdisciplin-
ary Association for Intensive Care and Emergency Medi-
cine (DIVI) registry (https://www.intensivregister.de/) has
been recording the occupancy of intensive care and invasive
ventilation capacities in around 1,300 hospitals in Germany
on a daily basis, including data on COVID-19 patient num-
bers. The data is displayed in interactive dashboards and
has been a source of information for the public during the
pandemic. However, ECMO capacity is only captured as
an estimate by the reporting person and provided in traf-
fic light format from “available” to “fully utilized”. During
the COVID-19 pandemic in the United States, efforts like-
wise focused on the equitable distribution of ventilators [23,
24], but the key challenge transpired to be the allocation of
ECMO resources, which raised ethical considerations and
highlighted the lack of a standardized ECMO distribution
system [25].

Although the data of ECMO usage in Germany is avail-
able from different sources, it is unstructured and not easy
to interpret. We developed the ECMO Dashboard (https://
www.ecmo-dash.de/) and integrated the unstructured data
provided by the German Federal Statistical Office (DESTA-
TIS) and the quality reports of the hospitals in Germany. The
dashboard features easy-to-use, interactive visualization and
analysis of supply and demand for adult and pediatric V-A
and V-V ECMO in city and county districts, as well as the
ECMO volumes in individual hospitals in Germany since
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2006. Further, we included a predictive tool that enables
proactive allocation of patients to ECMO centers and effi-
cient resource management across regions and centers. The
dashboard is updated regularly to make the most up-to-date
available healthcare data accessible and understandable for
healthcare workers, political decision-makers, researchers,
and the interested public. Thereby it should provide incen-
tives to improve the public health system through data-
driven policy guidelines, medical quality assurance, and
informed participation of the public.

Materials and Methods
Origins of Data

The information on the number of ECMO support pro-
vided in this study is based on the 2006-2021 data from the
structured quality reports of the hospitals (Qualitétsberichte
der Krankenh&user). This data is collected by the German
Federal Joint Committee (Gemeinsamer Bundesausschuss,
G-BA). All registered hospitals in Germany are legally
obliged submit a report on their work and structures on an
annual basis. In 2021, there were approximately 1,914 hos-
pitals that submitted a quality report to the G-BA. Quality
reports provide hospital-specific information on, such as the
range of diagnoses and treatments, the number of treatments
and procedures performed, and staffing levels. No patient-
specific information is provided in these reports. The data
analysis as conducted in this study complies with the data
use policy of G-BA. The data on the origins of patients
receiving ECMO support is provided by the Institute for
the Hospital Remuneration System (Institut fiir das Ent-
geltsystem im Krankenhaus, InEK) and stored and made
available for remote processing by DESTATIS for the years
2005-2021. The data was queried using SAS (SAS Institute
Inc., Cary, NC, USA) from the DESTATIS database. Due
to data protection regulations set by DESTATIS, releasing
hospital-level case data from its records is restricted. As
such, ECMO instances at the hospital level were analyzed
using the G-BA hospital quality reports. As the data are pub-
licly available, the need for ethical approval was waived by
the Ethics Committee of the University Hospital Frankfurt
(Ref: 2022 —766).

Data Extraction and Development of the ECMO
Dashboard

The hospital quality reports are provided in .xml file format
in separate files for each available hospital. The data on rele-
vant ECMO support were identified using the German proce-
dure classification (Operationen- und Prozedurenschliissel,
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Table 1 OPS codes used for identifying relevant treatments
OPS code

Description

8-852-0 Veno-venous extracorporeal membrane oxy-
genation (ECMO) without cardiac support
8-852-3 Use of minimalized heart-lung device

OPS, Table 1) published by the German Federal Institute for
Drugs and Medical Devices (Bundesinstitut fiir Arzneimit-
tel und Medizinprodukte, BfArM) and extracted using a
custom-made xml parser implemented in Python.

For cases where a hospital conducted a specific treatment
(including ECMO support) 1-3 times during a reporting
period, the individual quality reports indicated privacy-
related redaction of numerical data. In this case, a mean
value of 2 was assumed for these redacted cases.

The data on the origins of ECMO patients required no
pre-processing and included the aggregated numbers of
pediatric and adult patients for individual administrative
districts in Germany. In line with data protection regula-
tions, cases numbering between 1 and 3 were subject to data
redaction. For these instances, an assumed value of 2 was
applied.

To delineate regions of potential undersupply or surplus
provision, these data were transposed onto a color-coded
Supply-Demand map. In the context of this study, ‘Supply’
refers to ECMO interventions as determined from hospital
datasets. Conversely, ‘Demand’ characterizes the distribu-
tion of individual patients based on their place of residence.
A positive difference shows regions where the number of
hospital treatments exceeds the number of patients from the
respective district.

Statistical Analysis for the ECMO Patient Forecast

We provide a univariate one-period forecast for each of the
401 districts, foreign patients and patients with unknown
origin, based on the observed time-series data. Our proce-
dure was two-fold. To compare different models, we first
conducted an Augmented Dickey Fuller (ADF) test to deter-
mine whether a time-series is stationary or not [26, 27]. For

the stationary time-series, we employed the simple expo-
nential smoothing method for forecasting [28, 29]. In the
case of non-stationary time-series, we used the Holt linear
trend method for forecasting [30]. Our second intended
model was an Autoregressive Integrated Moving Average
(ARIMA) for each time-series. To keep it feasible, we uti-
lized a so-called Auto-ARIMA procedure [31], a Python
package that provides the entire time-series analysis proce-
dure in one line of code. With the Auto-ARIMA package,
each time series resulted in its own autoregressive, moving
average, and differencing order. A known limitation of both
model classes is their construction for analyzing continu-
ous data, not count data as in our work. Consequently, we
rounded the estimated numbers. All statistical analyses were
performed utilizing Python 3.9.14 packages Statsmodels
[32], pmdarima [31], NumPy [33] and Pandas [34].

Design of the Dashboard

The dashboard was created using Python and the open-source
Plotly Dash application (Plotly Technologies Inc., Montreal,
Quebec, Kanada) with contribution from CARTOO (CAR-
TODB Inc., New York, NY, USA) and OpenStreetMap©
(OpenStreetMap Foundation, Cambridge, UK). The use
of Plotly Dash allowed a simple integration of interactive
elements to enhance the user experience. The dashboard is
publicly accessible online, and it was designed responsively
to work cross-platform on a wide range of web-enabled
devices.

Results

A total of 60,549 ECMO cases over 15 years (2005-2021)
have been incorporated into the current iteration of the
ECMO Dashboard (December 2023, Table 2). Anonymized
data at both hospital and patient levels were extracted and/or
requested from official entities in Germany. Subsequently, the
fragmented data were technically merged, statistically ana-
lyzed, and graphically processed, resulting in a meaningful,

Table 2 Total number of ECMO patients and hospitals in different study periods (exemplary for two federal states)

Federal state North-Rhine Westphalia Berlin
(53 districts, 34,000 km?, 18 million inhabitants) (1 district, 890 km?, 3.7 million
inhabitants)
Year 2006 Year 2012 Year 2021 Year 2006 Year 2012 Year 2021
ECMO per 100,000 inhabitants V-A 0 0.24 5.67 0 0,33 7.40
V-V 0.88 3.48 8.32 0,12 2,28 8.1
Adult ECMO patients V-A 0 38 988 0 10 260
V-V 89 575 1461 4 62 296
Pediatric ECMO patients V-A 0 4 29 0 1 12
V-V 67 36 29 0 15 2
hospitals performing ECMO 12 53 91 1 7 13
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aesthetically appealing, and user-intuitive tool for hospi-
tals, policymakers, and the interested public (Fig. 1). The
data are presented with unprecedented granularity for each
of the 401 German city and county district (median area of
797.5 km?, ranging 35.7-5,495.6 km*; median population
170,632, ranging from 41,072 —3,669,491 inhabitants in
2020) as well as for each of the hospitals performing ECMO
(mean number of 213 per year, ranging from 48 in 2006 to
298 in 2020).

In more detail, the dashboard first presents the annual
number of V-A and V-V ECMO support and the number of
hospitals performing ECMO, including trends. An interac-
tive map visualizes the numbers of ECMO support for each
hospital and a nationwide top ten table is available for each
year (Fig. 2). Further, three color-coded interactive district-
level maps display (i) the origin of adult and pediatric V-A
and V-V ECMO patients, (ii) the time series-based patient
forecast for pediatric and adult V-V and V-A ECMO as well
as (iii) the supply and demand of ECMO in each district
(Fig. 2). The latter highlights potential areas of ECMO defi-
cit (negative imbalance, red) or surplus (positive imbalance,
blue). A positive imbalance indicates regions where the
number of treatments is higher than the number of patients
originating from the corresponding district. Accordingly,
ECMO patients from other origin areas are transferred to the

Fig. 1 Data sources and process-
ing pathway. Registered hospitals
in Germany acquire hospital level
and patient level data (grey) and
are obliged to annually submit
the data to official entities (blue).
The data is extracted, processed,
analyzed, and visualized (red)
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quality reports

surplus district for medical, organizational, or other reasons.
The four top-ten tables for this analysis present the districts
with the nationwide highest ECMO supply, demand, sur-
plus, and deficit, including patients from other countries
treated in Germany (Abroad). The interactive maps feature
tools for visual work. The box and lasso selection tools can
be used to select hospitals or districts for highlighting them.
The plots can be exported and downloaded as Portable Net-
work Graphics and the view can easily be reset. Each map
is supported by district-level top-ten tables (Fig. 2). For the
origin of patients, it provides complementary information to
the interactive map by listing the ten districts with the most
ECMO patients per 10,000 inhabitants. Finally, it is possible
to survey the development of ECMO numbers at hospital
level and to compare the annual ECMO volume of different
hospitals (Fig. 2).

The filter options of the ECMO Dashboard have been
conveniently designed to offer an informative and interac-
tive overview of ECMO therapy statistics, ranging from
hospital-specific to citywide, district-wide, and nationwide
levels. Notably, the filter sensitivity when searching for hos-
pital names or cities can be adjusted so that the upper- and
lower-case letters common in German are neglected.

hospital patient ‘
level level
hospital performance/

remuneration data
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Remuneration System

l

Federal Statistics Office
data request {L data delivery
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Fig.2 The ECMO Dashboard is
an informative and interactive
tool for broad use by profes-
sionals, policymakers, and the
public. (A) Using convenient
filter options (red), the ECMO
supports performed in Germany
are summarized (yellow) and
presented (green). (B) The sup-
ply, demand, surplus, and deficit
of ECMO support is explorable
at district level (colors as in B).
(C) ECMO volumes in German
hospitals can be conveniently
surveyed and displayed over time
(colors as in B and C)

V-V ECMO

V-A ECMO

ECMO treatments performed in Germany

Select treatment mode and year:
ECMO type: w B v

Available years

Martin-Luther-Krankenhaus gGabil
Displaying d ial

Name
~@- Aot e Arslt g Bochom

[P ——
St Elssbetr Hospa
ppm—

@ Uniersitstinium KnspprchaissankeohousBochum

atments

[A oot cakan A g Boch

e

08 S 00 o

2006 2008 2010 2012 2013 2014 2015 2016 2017 2018 2019
Summary of data for year 2018
2325 4090 6415 294
.0 from previous year i
e ",
° B
nous and veno arterial ECMO treatments in Germany in 2018
[Universiatskinikum Disseidor S . £s ] Hospital City Treatments
T %) o Medizinische Hochschule Famover  Hamover 257
' o
s ® Charité - Universititsmedizin Berlin Berlin 251
5 Klinikun der Universitit Minchen -
Deutscies Horzzentrum Berin (OHZB) Standort Campus Grofhadern  Minchen 245,
" Bad
. . Horz- und Disbeteszentrun N o 844 182
e . Universititsklinikum Regensburg Regensburg 175
s CRY
Universititsklinikun Minster  Minster 154
A C ) % Deutsches Herzzentrum Berlin (DHZB) Berlin 146
e ° . Herzzentrum Leipzig GmbH Leipzig 138
o* & . UNIVERSITATSKLINIKUM Schleswig-Holstein,
;" e
°
ECMO treatment supply and demand in Germany
Select patient group, treatment mode, and year:
oEuAND saLANCE
ECMO type: w & va
Available years
a, 2012 2013 2014 2015 2016 2017 2018 2019
all ECMQtreatmens in Germany in 2018
« ko ]
o
Top 10 administrative districts
Total ECHO supply TotalECHO TotalECMO TotalECHO
EZEEET in2018 £ demand in 2018 Districtname treatment surplus. Districtname  treatment deficit
Berlin 533 Berlin 340 2015 n2018
Miinchen 427 Hamburg 181 Winchea) 325 Abroad -124)
Sambars] 298] Arosd 2 Regensburg 213 Recklinghausen -6
Region %A Minchen 102 perlin 199 Nezel -5
Hannover Nesioa " Froiburg in o Rhein-ree— .
Regensburg 28 Hannover. Breisgau Kreis
g i ol o Minster 101 Hetenann -5
Breisgau Minden- Borken -6
S Dsseldort ” inden| m
Liibbecke 221 Dortnund 7 Region ) Xassel -4
Leipzig 202 steinfurt 66 Lo maland =29
Minster 198 o enbach 6 Hamburg 157 piren -3
K8ln 193 Leipzig 146 Viersen -34
xiel 136
Hospitals offering ECMO treatment
Select ECMO treatment mode
ECMO type: w VA
Hospitalname Postal code City 2019 2018 2017 2016 2015 2014 2013 2012 2010 2008 2006
filter data... Bochun
Augusta-Kranken-Anstalt gGmbH Bochum 44791 Bochum 11 10 6 5 7 4 1
Berufsgenossenschattliches
Universitdtsklinikum Bergmannsheil 44789 Bochum 66 70 88 54 40 31 45 46 28 10 7
St. Elisabeth-Hospital 44787 Bochum 0 2
St. Josef-Hospital 44791 Bochum 1 2 3 4 5| 0
Universitatsklinikun
Knappschaftskrankenhaus Bochum 44892 Bochun) 10 9 5| 3 4 4 1 1
44866 Bochum 1

o

IRUPPRRRPTITEL S L

filter
V-A / V-V,
year

total treatments,
hospitals,
ECMO trends

interactive
visualization
and

top ten table

hospital level

filter

V-A / V-V,
year,I y
supply,
demand/
balance

interactive
visualization
and

top ten tables

district level

filter

V-A/ V-V,
clinic name,
postal code,
city

interactive
visualization
of performed
ECMO
treatments
over time

hospital level

@ Springer



48 Page 6 of 9

Journal of Medical Systems

Discussion

This study uses a blend of national data to uniquely illus-
trate the landscape of ECMO support care across Germany,
down to individual districts and hospitals via an accessible
online dashboard. This aggregation and granular presen-
tation of data facilitates the identification of regions with
ECMO surpluses (districts that treat patients from other
regions) and deficits (districts with no or insufficient ECMO
capacity or medical expertise to treat severe ECMO cases).
ECMO support in high-volume centers compared to low-
volume centers was associated with better patient out-
comes before and during the COVID-19 pandemic [15,
16, 35, 36]. However, a nuanced understanding of regional
allocations and the overall prevalence of such a critical,
personal-intensive procedure is vital to delineate the ben-
eficial characteristics of high-volume ECMO centers and
provide the safest intensive care to severely ill patients
[36]. Building on the experience in England [37], where the
CESAR trial [5] has highlighted the benefits of specialist
ECMO centers for patient outcomes and healthcare costs,
the ECMO Dashboard can be an important tool to enable
the strategic alignment of ECMO care to proven models of
centralized excellence. In the future, the ECMO Dashboard
can be expanded to include additional important data for
making scientifically informed and publicly auditable deci-
sions about ECMO support efficiently and for the benefit of
patients, medical staff, and society.

Visualization of Healthcare Data

The ECMO Dashboard was designed and set up to provide
information about ECMO support and patients nationwide
in an interactive, comprehensive, and visually attractive
way. We are not aware of comparable ECMO monitoring
projects with high spatial granularity and easy access for
all interested parties. Notably, the publication of hospital
reimbursement data for non-commercial use is stipulated
in § 21 of the German Hospital Remuneration Act (Kran-
kenhausentgeldgesetz, KHEntgG) and likewise, these data
serve as the basis for hospital planning by the responsible
state authorities [38]. Germany in particular has a special
position worldwide with the highest number of ECMO uses
per inhabitant [39, 40]. The ECMO Dashboard presents
publicly relevant but initially fragmented and difficult to use
data in a way that makes it accessible to clinicians, scien-
tists, healthcare management workers, policy makers, jour-
nalists, and the public. In this way, the ECMO Dashboard
will increase the transparency of the German healthcare
system, create incentives for its improvement, and promote
trust among all stakeholders. Moreover, the easy availabil-
ity and attractive presentation of health data is essential for
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convincing scientific communication about health phenom-
ena and risks under normal circumstances and especially in
times of crisis, such as pandemics [41]. The current version
of the ECMO Dashboard is a tool for visualizing health data
with a focus on the distribution and use of ECMO support
in Germany. As ECMO support is not an index intervention,
outcome analyses at hospital or patient level are not possible
for data protection reasons.

ECMO use in Germany during the COVID-19
Pandemic

The recent global health crisis underlines the importance of
publishing health data as early as possible in a form that
is understandable to all users. ECMO is a highly special-
ized procedure used to provide oxygenation and/or cardiac
support in critically ill patients refractory to conventional
treatment. The benefit of ECMO for critically ill COVID-
19 patients remains controversial due to high in-hospital
mortality rates of approximately 40-60% [35, 42—45]. In
Germany, a large proportion of elderly COVID-19 patients
(43% of patients were older than 60 years) received ECMO
support in 2020-2021, with an unacceptably high mortality
peaking at 84% for V-V ECMO in September 2021 [43].
Among other factors, age has been identified as a risk factor
for ECMO patients and calls for stricter quality control and
mechanisms to reduce futile invasive procedures in favor
of patient-centered individual decisions have been made as
early as 2021 [46]. Despite those numbers and expert state-
ments, German decision makers did not limit the access to
ECMO but continue offering a high, extrabudgetary reim-
bursement of this invasive technique, potentially creating
financial incentives for its application [47]. Consistently,
the ECMO Dashboard clearly depicts the steadily increas-
ing numbers of ECMO support in Germany even before the
pandemic (Table 2).

ECMO Allocation and the ECMO Dashboard
Prediction Tool

During the COVID-19 pandemic, substantial effort has been
made in the United States to allocate mechanical ventila-
tors in an ethically appropriate and medically most bene-
ficial way [23, 24]. However, the bottleneck turned out to
be ECMO. Patients were triaged, and the debate had to be
expanded to this advanced intensive care technique with
its unique ethical implications [20]. The shortage has been
aggravated by the lack of a uniform system for allocating
ECMO to hospitals [25]. Here parallels can be drawn to
Germany, because an efficient and transparent management
system of ECMO allocation does not exist. Thus, German
patients and medical personnel will remain unprotected
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against the next pandemic without having implemented
the lessons learned from COVID-19 worldwide. This is
further exacerbated by the growing shortage of healthcare
professionals, a trend that has intensified in the wake of the
COVID-19 pandemic. The ECMO Dashboard provides a
prediction tool for ECMO demand and supply. It will be
continuously evaluated and improved to provide a basis for
informed decisions regarding ECMO allocation under nor-
mal circumstances and in health crises. Nevertheless, this
analytical tool, using current data, has inherent limitations
due to the retrospective nature of the information, which is
made available to researchers with a lag of up to two years.
Although the COVID-19 pandemic spurred legislation
mandating hospitals to submit billing data to the InEK more
frequently [48], access to this data is currently restricted to
the government and select agencies [49]. A policy shift to
allow researchers earlier access to these data will improve
analytical and prognostic tools for the benefit of patients
and healthcare professionals, including refined forecasting
of ECMO demand and supply for the ECMO Dashboard.
Strikingly, it does not take a global pandemic of a new virus
to threaten thousands of lives, as seasonal influenza has
proven in many cases to be fatal for patients and challenging
for healthcare workers. Therefore, policy makers and health
management personnel are strongly encouraged to engage
in proactive decision making and formulation of resource
allocation strategies in collaboration with medical profes-
sionals, with a commitment to transparency to the public.
The ECMO Dashboard provides an unparalleled foundation
for these critical endeavors and can play a significant role in
strengthening the nation’s critical care infrastructure.

Limitations

These findings are based on secondary data initially gener-
ated for billing purposes [50]. Given the significant costs
associated with ECMO procedures, accurate documenta-
tion is anticipated. However, inter-hospital patient transfers
might lead to instances of double-counting. As ECMO sup-
port is no indexed medical intervention publicly available
data and quality reports are subject to strict data protection
laws.

Due to those data protection considerations, some data
had to be censored, requiring us to work with average values.
The datasets from DESTATIS and the quality reports from
hospitals are published following a nearly two-year delay
due to intricate administrative processes. Consequently, the
projections are based on data from the past, which entails
corresponding limitations.

Conclusions

This study shows an innovative way of developing an infor-
mative and attractive healthcare management dashboard
based on publicly available routine data. The ECMO Dash-
board with its integrated prediction tool can be used by a
variety of stakeholders to develop efficient and transparent
healthcare management strategies, avoid ECMO shortage,
and provide the best and safest intensive care under normal
circumstances and during national health crises.

Author Contributions All authors contributed to the manuscript. BF
delivered the idea, JK and KZ gave feedback and improved the con-
cept. BF, ENG and JK developed the manuscript, all other authors
added their feedback and improved the manuscript. BF coordinated
the process and publication. MK, LG did the technical work with sta-
tistical consultation by OO. OO conducted the forecasts. LG, TJ, and
MK queried the data. All co-authors read and had the opportunity to
revise the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was supported by the Internal Institutional Re-
search Funds from the Department of Anaesthesiology, Intensive Care
and Pain Therapy, University Hospital Frankfurt, Goethe University,
Frankfurt Germany. The results in this publication are thematically
linked but not directly related to specific activities of the projects EN-
VISION and COVend, which have received funding from the Euro-
pean Union’s Horizon 2020 and Horizon Europe research and innova-
tion programmes, respectively, under grant agreement No 101015930
(ENVISION) and No 101045956 (COVend).

Open Access funding enabled and organized by Projekt DEAL.

Data Availability The data used in this study is derived from two main
sources. The first part is from the Federal Statistical Office of Germany,
specifically the reimbursement data outlined under $21KHEntgG.
While this data is freely available for scientific use, access is restricted
and it is not publicly available to ensure confidentiality. The second
part consists of data from the structured quality reports of hospitals
(Qualitétsberichte der Krankenhduser), collected by the German Fed-
eral Joint Committee (Gemeinsamer Bundesausschuss, G-BA). This
data is publicly accessible and can be freely obtained. For access to
the restricted data, researchers can submit a reasonable request, which,
upon approval by the Federal Statistical Office of Germany, can be
fulfilled by the authors.

Declarations

Ethics approval Due to the institutional anonymization, no conclusions
can be drawn about individual patients. According to §21 KHEntgG the
reimbursement data is free for scientific use. The Ethics Committee of
the University Hospital Frankfurt waived the need for an Ethical Com-
mittee approval for the usage of §21KHEntgG-data (Ref: 2022-766).
All data processing was performed in accordance with the Declaration
of Helsinki.

Competing Interests The authors declare no competing interests.
Patient consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer



48 Page 8 of 9

Journal of Medical Systems

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Combes, A., et al., Extracorporeal Membrane Oxygenation for
Severe Acute Respiratory Distress Syndrome. N Engl J Med,
2018. 378(21): p. 1965-1975.

2. Shekar, K., et al., Extracorporeal life support devices and strate-
gies for management of acute cardiorespiratory failure in adult
patients: a comprehensive review. Crit Care, 2014. 18(3): p. 219.

3. Suverein, M.M,, et al., Early Extracorporeal CPR for Refractory
Out-of-Hospital Cardiac Arrest. N Engl J Med, 2023. 388(4): p.
299-309.

4.  Guervilly, C., et al., Ultra-lung-protective ventilation and bio-
trauma in severe ARDS patients on veno-venous extracorporeal
membrane oxygenation: a randomized controlled study. Crit
Care, 2022. 26(1): p. 383.

5. Peek, G.J., et al., Efficacy and economic assessment of con-
ventional ventilatory support versus extracorporeal membrane
oxygenation for severe adult respiratory failure (CESAR): a mul-
ticentre randomised controlled trial. Lancet, 2009. 374(9698): p.
1351-63.

6. Banning, A.S., et al., Venoarterial extracorporeal membrane
oxygenation or standard care in patients with cardiogenic shock
complicating acute myocardial infarction: the multicentre, ran-
domised EURO SHOCK trial. Eurolntervention, 2023. 19(6): p.
482-492.

7. Combes, A., et al., Extracorporeal Membrane Oxygenation for
Severe Acute Respiratory Distress Syndrome. N Engl ] Med,
2018. 378(21): p. 1965-1975.

8. Ostadal, P, et al., Extracorporeal Membrane Oxygenation in the
Therapy of Cardiogenic Shock: Results of the ECMO-CS Ran-
domized Clinical Trial. Circulation, 2023. 147(6): p. 454-464.

9.  Quintel, M., et al., Extracorporeal Membrane Oxygenation for
Respiratory Failure. Anesthesiology, 2020. 132(5): p. 1257-1276.

10. Teijeiro-Paradis, R., W.D. Gannon, and E. Fan, Complications
Associated With Venovenous Extracorporeal Membrane Oxy-
genation-What Can Go Wrong? Crit Care Med, 2022. 50(12): p.
1809-1818.

11. Thiagarajan, R.R., et al., Extracorporeal Life Support Organiza-
tion Registry International Report 2016. Asaio j, 2017. 63(1): p.
60-67.

12. Sanaiha, Y., et al., Trends in mortality and resource utilization
for extracorporeal membrane oxygenation in the United States:
2008-2014. Surgery, 2019. 165(2): p. 381-388.

13. DGTHG, Extrakorporale Zirkulation (ECLS/ECMO), Einsatz bei
Herz- und Kreislaufversagen. S3- Leitlinie. AWMF-RN 011-021,
in  https://www.awmf.org/uploads/tx_szleitlinien/011-0211 S3
Einsatz-der-extrakorporalen-Zirkulation-ECLS-ECMO-
bei-Herz-Kreislaufversagen 2021-02.pdf. 2020,  Deutsche
Gesellschaft fiir Thorax-, Herz- und Gefafichirurgie (DGTHG).

14. DellaVolpe, J., et al., Joint Society of Critical Care Medicine-
Extracorporeal Life Support Organization Task Force Posi-
tion Paper on the Role of the Intensivist in the Initiation and

@ Springer

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Management of Extracorporeal Membrane Oxygenation. Crit
Care Med, 2020. 48(6): p. 838-846.

Becher, PM,, et al., Procedural volume and outcomes in patients
undergoing VA-ECMO support. Crit Care, 2020. 24(1): p. 291.
Barbaro, R.P.,, et al., Association of hospital-level volume of
extracorporeal membrane oxygenation cases and mortality. Anal-
ysis of the extracorporeal life support organization registry. Am J
Respir Crit Care Med, 2015. 191(8): p. 894-901.

Ramanathan, K., et al., Extracorporeal membrane oxygenation
for COVID-19: a systematic review and meta-analysis. Crit Care,
2021. 25(1): p. 211.

Supady, A., et al., Respiratory indications for ECMO: focus on
COVID-19. Intensive Care Med, 2022. 48(10): p. 1326-1337.
Cho, H.J., et al., ECMO use in COVID-19: lessons from past
respiratory virus outbreaks-a narrative review. Crit Care, 2020.
24(1): p. 301.

Piscitello, G.M., M. Siegler, and W.F. Parker, Ethics of Extracor-
poreal Membrane Oxygenation under Conventional and Crisis
Standards of Care. J Clin Ethics, 2022. 33(1): p. 13-22.

Dao, B., et al., Ethical factors determining ECMO allocation dur-
ing the COVID-19 pandemic. BMC Med Ethics, 2021. 22(1): p.
70.

Litton, E., B. Guidet, and D. de Lange, National registries: Les-
sons learnt from quality improvement initiatives in intensive care.
J Crit Care, 2020. 60: p. 311-318.

Bhavani, S.V., et al., Simulation of Ventilator Allocation in Criti-
cally 1ll Patients with COVID-19. Am J Respir Crit Care Med,
2021. 204(10): p. 1224-1227.

Piscitello, G.M., et al., Variation in Ventilator Allocation Guide-
lines by US State During the Coronavirus Disease 2019 Pan-
demic: A Systematic Review. JAMA Netw Open, 2020. 3(6): p.
€2012606.

Piscitello, G.M., et al., Clinician Ethical Perspectives on Extra-
corporeal Membrane Oxygenation in Practice. Am ] Hosp Palliat
Care, 2022. 39(6): p. 659-666.

Said, E.S. and D.A. Dickey, Testing for Unit Roots in Autoregres-
sive-Moving Average Models of Unknown Order. Biometrika,
1984. 71(3): p. 599-607.

Dickey, D.A. and W.A. Fuller, Distribution of the Estimators
for Autoregressive Time Series with a Unit Root. Journal of the
American Statistical Association, 1979. 74(366a): p. 427-431.
Brown, R.G., R.F. Meyer, and D.A. D’Esopo, The Fundamental
Theorem of Exponential Smoothing. Operations Research, 1961.
9(5): p. 673-687.

Brown, R.G., Smoothing, forecasting and prediction of discrete
time series. 2004: Courier Corporation.

Holt, C.C., Forecasting seasonals and trends by exponentially
weighted moving averages. International journal of forecasting,
2004. 20(1): p. 5-10.

Smith, T.G., pmdarima: ARIMA estimators for Python 2017.
Seabold, S. and J. Perktold. Statsmodels: Econometric and statis-
tical modeling with python. in Proceedings of the 9th Python in
Science Conference. 2010. Austin, TX.

Harris, C.R., et al., Array programming with NumPy. Nature,
2020. 585(7825): p. 357-362.

McKinney, W. Data Structures for Statistical Computing in
Python. in SciPy. 2010.

Barbaro, R.P,, et al., Extracorporeal membrane oxygenation for
COVID-19: evolving outcomes from the international Extra-
corporeal Life Support Organization Registry. Lancet, 2021.
398(10307): p. 1230-1238.

Fan, E. and D. Brodie, Higher volumes, better outcomes: the
end or just the beginning of the story for extracorporeal mem-
brane oxygenation? Am J Respir Crit Care Med, 2015. 191(8): p.
864-6.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.awmf.org/uploads/tx_szleitlinien/011-021l_S3_Einsatz-der-extrakorporalen-Zirkulation-ECLS-ECMO-bei-Herz-Kreislaufversagen_2021-02.pdf
https://www.awmf.org/uploads/tx_szleitlinien/011-021l_S3_Einsatz-der-extrakorporalen-Zirkulation-ECLS-ECMO-bei-Herz-Kreislaufversagen_2021-02.pdf
https://www.awmf.org/uploads/tx_szleitlinien/011-021l_S3_Einsatz-der-extrakorporalen-Zirkulation-ECLS-ECMO-bei-Herz-Kreislaufversagen_2021-02.pdf

Journal of Medical Systems

Page9of9 48

37.

38.

39.

40.

41.

42.

43.

44,

45.

Warren, A., et al., Outcomes of the NHS England National Extra-
corporeal Membrane Oxygenation Service for adults with respi-
ratory failure: a multicentre observational cohort study. Br J
Anaesth, 2020. 125(3): p. 259-266.

Gesetz iiber die Entgelte fiir voll- und teilstationdre Kranken-
hausleistungen. 2022, Bundesamt fiir Justiz: https://www.gese-
tze-im-internet.de/khentgg/

Warren, A, et al., Re: Insight into ECMO, mortality and ARDS:
a nationwide analysis of 45,647 ECMO runs (Friedrichson et al.,
Critical Care, January 2021). Critical Care, 2021. 25(1): p. 123.

Friedrichson, B., et al., Insight into ECMO, mortality and ARDS:
a nationwide analysis of 45,647 ECMO runs. Critical Care, 2021.
25: p. 1-10.

Schulze, A., et al., Digital dashboards visualizing public health
data: a systematic review. Front Public Health, 2023. 11: p.
999958.

Schmidt, M., et al., Comparative outcomes of extracorporeal
membrane oxygenation for COVID-19 delivered in experienced
European centres during successive SARS-CoV-2 variant out-
breaks (ECMO-SURGES): an international, multicentre, ret-
rospective cohort study. Lancet Respir Med, 2023. 11(2): p.
163-175.

Friedrichson, B., et al., Extracorporeal membrane oxygenation in
coronavirus disease 2019: A nationwide cohort analysis of 4279
runs from Germany. Eur J Anaesthesiol, 2022. 39(5): p. 445-451.
Broman, L.M., et al., Extracorporeal membrane oxygenation for
COVID-19 during first and second waves. Lancet Respir Med,
2021. 9(8): p. e80-¢81.

Bein, T.K., Christian; Weber-Carstens, Steffen; Windisch, Wol-
fram; Janssens, Uwe, ECMO-Einsatz bei COVID-19: Hohe

46.

47.

48.

49.

50.

Sterblichkeit in der Klinik. Dtsch Arztebl Int, 2022. 119, 4: p.
A125.

Karagiannidis, C., et al., High In-Hospital Mortality Rate in
Patients with COVID-19 Receiving Extracorporeal Membrane
Oxygenation in Germany: A Critical Analysis. Am J Respir Crit
Care Med, 2021. 204(8): p. 991-994.

Quintel, M., L. Gattinoni, and S. Weber-Carstens, The German
ECMO inflation: when things other than health and care begin to
rule medicine. Intensive Care Med, 2016. 42(8): p. 1264—6.
Gesetz zur wirtschaftlichen Sicherung der Krankenhduser und
zur Regelung der Krankenhauspflegesdtze (Krankenhausfinan-
zierungsgesetz - KHG) § 21 Ausgleichszahlungen an Kranken-
héuser aufgrund von Sonderbelastungen durch das neuartige
Coronavirus SARS-CoV-2 § 21a Versorgungsaufschlag an Kran-
kenhduser auf Grund von Sonderbelastungen durch das Coro-
navirus SARS-CoV-2. 2022, Bundesamt fiir Justiz: https://www.
gesetze-im-internet.de/khg/

Gesetz zur wirtschaftlichen Sicherung der Krankenhduser und
zur Regelung der Krankenhauspflegesdtze (Krankenhausfinan-
zierungsgesetz - KHG) § 24 Uberpriifung der Auswirkungen.
2022, Bundesamt fiir Justiz: https://www.gesetze-im-internet.de/
khg/_ 24.html

Nimptsch, U., Disease-Specific Trends of Comorbidity Coding
and Implications for Risk Adjustment in Hospital Administrative
Data. Health Serv Res, 2016. 51(3): p. 981-1001.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://www.gesetze-im-internet.de/khg/
https://www.gesetze-im-internet.de/khg/
https://www.gesetze-im-internet.de/khg/__24.html
https://www.gesetze-im-internet.de/khg/__24.html
https://www.gesetze-im-internet.de/khentgg/
https://www.gesetze-im-internet.de/khentgg/

	﻿Web-based Dashboard on ECMO Utilization in Germany: An Interactive Visualization, Analyses, and Prediction Based on Real-life Data
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Origins of Data
	﻿Data Extraction and Development of the ECMO Dashboard
	﻿Statistical Analysis for the ECMO Patient Forecast
	﻿Design of the Dashboard

	﻿Results
	﻿Discussion
	﻿Visualization of Healthcare Data
	﻿ECMO use in Germany during the COVID-19 Pandemic
	﻿ECMO Allocation and the ECMO Dashboard Prediction Tool
	﻿Limitations

	﻿Conclusions
	﻿References


