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The COVID-19 pandemic has worldwide individual and socioeconomic consequences. Chest computed tomography has been
found to support diagnostics and disease monitoring. A standardized approach to generate, collect, analyze, and share clinical and
imaging information in the highest quality possible is urgently needed. We developed systematic, computer-assisted and contextguided electronic data capture on the FDA-approved mint LesionTM software platform to enable cloud-based data collection and
real-time analysis. The acquisition and annotation include radiological ﬁndings and radiomics performed directly on primary
imaging data together with information from the patient history and clinical data. As proof of concept, anonymized data of 283
patients with either suspected or conﬁrmed SARS-CoV-2 infection from eight European medical centers were aggregated in data
analysis dashboards. Aggregated data were compared to key ﬁndings of landmark research literature. This concept has been
chosen for use in the national COVID-19 response of the radiological departments of all university hospitals in Germany.
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INTRODUCTION
Infection with the virus now known as SARS-CoV-2 has developed
into an ongoing pandemic, since the ﬁrst cases in Hubei province,
China were reported to the WHO on December 31, 2019. This has
led to a global health crisis with substantial impact on both the
patients with COVID-19 at the individual level and on socioeconomic systems worldwide.
The high contagiousness of the disease, a substantial proportion of asymptomatic cases and undocumented infections, and
dynamic movement patterns have combined to cause rapid
dissemination of the infection1–3. With cases globally still on the
rise and a lack of effective treatments or vaccines, the spread can
currently only be slowed down by drastic disease containment
efforts2–8. The pandemic has shown that existing measures for
disease control were inadequate and that even countries with a
strong healthcare infrastructure have insufﬁcient critical care
resources. The current spread in low-income countries or those
with weak healthcare systems is posing challenges.
Along with the more effective containment, the most promising
approach to closing the gap in disease management is to broaden
the evidence base by expanding research into clinical diagnostics,
treatment, and disease monitoring, especially by taking advantage
of new technologies and artiﬁcial intelligence9,10. However, the

impact of aggregation and analysis on the individual patient and
on cohorts is high. The highest quality standards are therefore
mandatory, and can be attained only by using certiﬁed medical
software that complies with the regulations of the US Food and
Drug Administration (FDA) and the European Economic Area (CE
marking). The global spread of COVID-19 demands a global
response. Hope exists that aggregation of medical research data
and knowledge transfer between countries can substantially
expedite the understanding and management of COVID-19.
However, these efforts are currently hindered by a number of
factors. For one, standardized data reporting is often not available,
and, in many cases, common standards have not been deﬁned
universally and conclusively. Research efforts like the CO-RADS11
or COVID-RADS12 standard that address these challenges need to
be integrated in a workﬂow system that can be disseminated
globally. The need for a global response means that standardized
datasets are needed for comparable results. Moreover, essential
diagnostic information is generally spread over several information systems for data generation, storage, and reporting. Finally,
the deﬁnitions of most meaningful diagnostic tests and references
are still subject to frequent change, with a high volume of new
research ﬁndings. This means on the one hand that intensiﬁed
efforts toward evidence-based clinical diagnosis and treatment
along with reliable monitoring are essential. On the other hand, in
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order to achieve this in a short time, with comparable results and
broad scalability, reliable and efﬁcient methods are needed. An
efﬁcient electronic data capture (EDC) solution should therefore
support to dynamically be updated, reﬂecting newly discovered
relevant imaging ﬁndings as they are established in the course of
the pandemic. A combination of open access tried and secure
software environments, and state-of-the-art artiﬁcial intelligence
applications might provide suitable solutions9. However, these are
not currently readily available in the medical imaging domain.
Moreover, the wide range of requirements in the generation of
optimal evidence-based approaches and randomized controlled
trials necessitates a solution capable of aggregating, swiftly and
dynamically, the relevant excerpts from diagnostic, clinical, and
epidemiological datasets.
Therefore, we wish to initiate an open-access platform for the
data collection compliant with commonly developed criteria for
data formats and interfaces, using commonly developed criteria
for multimodal diagnosis, staging, and monitoring of COVID-19.
Therefore, a novel COVID-19 EDC that provides a direct linkage of
image and text annotation in a structured open data format for
joint international collaboration is developed. The proposed
platform represents the mandatory foundation for efﬁcient, fast,
and dynamically adaptable conduct of clinical trials as a
prerequisite for novel evidence-based diagnostic and therapeutic
discoveries. To address these challenges, the radiology departments of all 36 university hospitals in Germany have combined to
set up the RACOON (Radiological Cooperative Network) initiative
for joint research into COVID-19 based on the software and cloudbased data platform presented here.
RESULTS
Proof of concept: retrospective analysis of multicenter
template usage
In a class 2b/510k certiﬁed solution, we developed over a 3-week
period a context-sensitive electronic data capture (EDC) template
(Fig. 1) that enables systematic large-scale data acquisition to
provide an optimized digital platform to gather and aggregate

multidisciplinary scientiﬁc evidence on COVID-19. Our cloud-based
platform includes speciﬁc modules for acquisition, storage,
analysis, and automated reporting of healthcare data (Fig. 2).
The Mint EDC is used for an image-based, both manual and
automated data entry process to ensure comparability and
uniform data quality, and keep key missing values to a minimum.
In order to prove the feasibility of our concept, a retrospective
analysis of real-world evidence using the provided tool was
performed on data from seven European university hospitals and
one community healthcare center. We present the EDC-based
data acquisition and data analysis of the exemplary study
population, and compare the results to the key ﬁndings of three
landmark studies.
The study population comprised 283 inpatients and outpatients
from eight European medical centers, who received a clinically
indicated chest computed tomography (CT) examination and who
were either suspected or known (with laboratory conﬁrmation) to
be infected with COVID-19. The selected medical centers provided
different levels of care. At each center, radiological assessment,
reporting, and data collection were performed independently of
this retrospective study. The completeness of the structured
reporting items was at the discretion of the examining radiologist.
The extracted data were visualized using a real-time statistics
dashboard integrated into the software and highly customizable
by the user (Fig. 3, for public dashboard access see “Data
availability” section). The aim of this usage analysis was to prove
the applicability of the concept for coherent multicenter data
acquisition by template-based reporting. Therefore, key research
literature was consulted to validate the eligibility of this approach.
A systematic review and meta-analysis of data pooled from
13 studies provided evidence on the radiological features of
pulmonary manifestations of COVID-19 in chest CT13. Normalized,
pooled data provided in the meta-analysis were used for
comparison with the data obtained with our COVID-19 template
submitted to real-time data analysis, displaying similar results
(Table 1). We found that in 76.0% of the rt-PCR-positive patients,
ground-glass opacity (GGO) lesions were detected at baseline
imaging. In the majority of the patients, more than one GGO

Fig. 1 COVID-19 EDC on the mint LesionTM software platform. In this example, the patient had conﬁrmed COVID-19 and underwent chest
CT at two subsequent time points. The images were assessed and evaluated using the Mint EDC by an experienced radiologist. The
assessment and evaluation are performed directly on primary imaging data supported by the automatic rule-based evaluation of disease
progression. The patient was included in our feasibility clinical trial directly without the necessity for further data collection or redundant
documentation.
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Fig. 2 System architecture of a cloud-based web platform. Every healthcare center can upload anonymized data to the web platform and
use the Mint EDC based on the mint LesionTM medical product software package, either by using a local instance or directly via the cloudbased web platform.

lesion was documented at baseline imaging (ﬁve GGO lesions:
38.4%; four GGO lesions: 11.0%; three GGO lesions: 9.3%; and two
GGO lesions: 7.5%). The distribution of the parenchymal abnormalities, including GGO lesions was found to be bilateral (overall
87.5%; rt-PCR positive 93.3%; and rt-PCR negative 32.5%),
peripheral (85.3; 87.3; and 76.6%), and affecting a minimum of
three lobes (58.9; 63.0; and 32.5%).
Besides the radiological ﬁndings, our cohort had clinical
presentations similar to those reported in the literature: 77.5%
of the rt-PCR-positive patients presented with fever (78.2% (ref. 14);
on admission 43.8% (ref. 15)/during hospitalization 88.7% (ref. 15))
and 74.6% with cough (62.4% (ref. 14) and 67.8% (ref. 15)). There
were discrepancies in the reporting of respiratory distress (overall
44.0%; rt-PCR positive 47.3%; and rt-PCR negative 34.1%;
compared with 1.0% reported with dyspnea by Zhao et al.14 and
18.7% reported with shortness of breath by Guan et al.15). The
discrepancy between the ﬁndings might be attributed to the time
point of examination in the course of disease, in which patients
that present at a later advanced stage show more severe
symptoms. In addition, respiratory distress, dyspnea, or shortness
of breath are often insufﬁciently deﬁned in study protocols and
lack objective measures. Therefore, either the inclusion of
objective endpoints, such as oxygen saturation rate or exact
symptom deﬁnitions (here: in question complement) can contribute to standardized data acquisition. At the time of ﬁrst chest
CT examination, 173 patients had a conﬁrmed SARS-CoV-2
infection by rt-PCR and 52 had been tested negative (chest CT
prior to rt-PCR test or clinical suspicion of COVID-19 despite rt-PCR
result). As part of the radiologist’s report, pulmonary ﬁndings were
assessed to be highly consistent with pulmonary manifestations of
COVID-19 in 146 cases (116 rt-PCR positive and 3 negative),
moderately consistent in 78 cases (39 rt-PCR positive and 24
negative), and not consistent in 37 cases (10 rt-PCR positive and
22 negative).
An approach for uniﬁed data collection and analysis using
comparable criteria
Our concept focuses on quality, integrity, and traceability. The
resulting data cloud provides the basis for the exploration of core
outcomes and hypothesis generation for future clinical trials. A
Published in partnership with Seoul National University Bundang Hospital

digital signature of COVID-19, consisting of imaging biomarkers,
patient history, and other clinical follow-up data obtained in a
reproducible manner, can be established with this method. The
structured data can be universally shared and analyzed, and may
be used for future studies on diagnostic support systems and risk
stratiﬁcation by machine learning and artiﬁcial intelligence. We
demonstrated that a standardized EDC procedure can easily be
implemented globally by international dissemination of the
COVID-19 EDC for this retrospective analysis. Further, the EDC
enables international data contribution via the cloud-based
platform. Standardized assessment is possible only if the imaging
ﬁndings are collected and evaluated at a supra-regional,
preferably global level using comparable criteria. The Mint EDC
template is available free of charge for use in COVID-19 on the
mint LesionTM medical software product platform (Mint Medical,
Heidelberg, Germany; Figs. 1 and 2), and has already been used by
university hospitals and healthcare providers in eight countries,
including severely affected regions of the USA, Italy, Tyrol in
Austria, and the majority of the university hospitals in Germany as
a reporting solution in routine workﬂows, in research-focused
projects or a combination of either. The Mint EDC not only
provides a structured method for evaluating the pulmonary
involvement, but is also essential for quantitative assessment of
the progression of the disease, both in clinical trials and in daily
clinical routine. Besides providing a tool for clinical research, the
Mint EDC is integrated in routine patient assessment. We
demonstrate that structured data acquisition for clinical research
can be achieved within a structured reporting routine workﬂow at
a comparable time expenditure. In addition, automatic report
generation and dynamic adaptation of the Mint EDC to the latest
scientiﬁc evidence might facilitate this integration.
Furthermore, a cloud-based web platform was provided where
hospitals and healthcare centers can access the existing data and
upload, assess, report, and document their cases (Figs. 1 and 2). In
addition, this data platform enables working remotely and can
facilitate second opinions. All centers are encouraged to upload
their anonymized data to a central registry. The software features
an online dashboard that performs exploratory data analysis in
real time to monitor the patient’s progress and provide an alert if
applicable. In addition, users can customize the data analysis
dashboard. Here, we present a dashboard for exploratory analysis
npj Digital Medicine (2021) 69
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Fig. 3 Multicenter data aggregation in a real-time analytics dashboard. Overview of ad hoc COVID-19 usage analysis, including 283 patients
(upper left) from eight European hospitals. The data analysis dashboard is made publicly available on https://covid19.mint-imaging.com (for
details see “Data availability” section).

that queries shared multicenter metadata that were acquired
using the COVID-19 Mint EDC (Fig. 3, for public dashboard access
see “Data availability” section). The provided tool also supports the
generation of single-center dashboards or dashboards for a
speciﬁc trial, which only query the same database. All data
records submitted to the cloud may be used to enhance the

knowledge of COVID-19 and contribute to improved clinical care
of COVID-19 patients in the near future.
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Table 1. Comparison of aggregated data from an ad hoc usage analysis using the COVID-19 template recommendation and proposed software
platform with key research ﬁndings.
Bao et al.

Guan et al.

Zhao et al.

COVID-19 template

Meta-analysis

Retrospective, multicentric
analysis

Retrospective, multicentric
analysis

Multicentric data acquisition

n = 2738

n = 1099
Laboratory-conﬁrmed
Sars-CoV-2 infection

n = 101
Laboratory-conﬁrmed
Sars-CoV-2 infection

n = 283a
173

n = 173
173

n = 52
0

52

0

52

Median 47 (IQR 35.0–58.0)

44.4 ± 12.3

62 ± 15

61 ± 14

64 ± 17

Characteristics
Study population
rt-PCR test positive
rt-PCR test negative
Mean age
Male (%)

1517 (55.4)

640 (58.2)

45 (44.6)

188 (66.4)

124 (71.7)

27 (51.9)

Female (%)

1221 (44.6)

459 (41.8)

56 (55.4)

95 (33.6)

49 (28.3)

25 (48.1)

56.4

86.1

73.7

76.0

47.5

43.6

18.4

30.1

21.2

11.0

17.9

11.5

17.3

17.3

32.7

2.5

2.3

5.8

7.8

7.5

13.5

Left

4.4

1.8

12.8

Right

8.1

4.9

21.3

CT imaging ﬁndings (%) (95% CI)
Ground-glass opacity

83.31
(69.43–93.35)

Consolidation

43.97
(32.82–55.45)

Air bronchogram

46.46
(17.16–76.95)

Pleural effusion

5.88
(3.38–8.73)

Pericardial effusion

4.55
(2.09–7.90)

Lymphadenopathy

3.38
(1.00–6.86)

Lesion distribution (%)

13.9

1.0

(95% CI)

Bilateral

78.2
(65.69–88.19)

82.2

87.5

93.3

66.0

Central

10.81
(0.12–41.50)

1.0

14.7

12.7

23.4

Peripheral

76.95
(57.43–91.50)

87.1

85.3

87.3

76.6

Lobes ≥ 3

70.81
(61.75–79.10)

58.9 (n = 224) 63.0 (n = 146) 32.5 (n = 40)
b

Clinical symptoms (%)
Fever
Cough

c

43.8/88.7
67.8

70.2 (n = 198) 77.5 (n = 142) 47.7 (n = 44)
71.9 (n = 199) 74.6 (n = 142) 69.6 (n = 46)
44.0 (n = 200) 47.3 (n = 146) 34.1 (n = 44)

16.1 (n = 112) 14.3 (n = 84)

Sputum production

33.7
18.7

1.0
2.0

Nausea

5.0
13.6

Diarrhea

3.8

b

78.2
62.4

Respiratory distress
Headache

b

9.4 (n = 171)

25.0 (n = 24)

10.6 (n = 123) 7.5 (n = 40)

18.5 (n = 173) 21.4 (n = 126) 10.3 (n = 39)
3.0

11.0 (n = 172) 11.4 (n = 123) 12.2 (n = 41)

All COVID-19 EDC data refer to the time of baseline imaging.
a
Including all patients: rt-PCR positive, negative, not performed and unknown results of PCR test.
b
Reported data in structured reporting template by radiologist.
c
On admission/during hospitalization.

template enables the data acquisition at different levels. In an EDC
procedure, recording of document-level patient data, such as
demographic information and exposure history, but also data
about diagnostic measures already performed and their results, is
requested of the user. In addition, secondary clinical data, such as
potentially relevant comorbidities, clinical symptoms, and clinical
chemistry are queried. The selection of parameters is based on the
current study evidence as described previously16. A dynamic ﬂow
of reﬁnements and amendments is possible with no risk of
Published in partnership with Seoul National University Bundang Hospital

diminishing the quality of previously collected data. Image
assessment includes general pulmonary radiological ﬁndings,
such as pleural effusion or lymphadenopathy. Pulmonary ﬁndings
that have been found to be compatible with COVID-19 or in
combination with other ﬁndings even indicative for COVID-19 are
automatically documented in a separate category depending on
the ensuing image ﬁndings. The EDC template allows for the
documentation and measurement of speciﬁc ﬁndings or general
longitudinal monitoring of primary data. Methodological
npj Digital Medicine (2021) 69
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Fig. 4 Overview of locations of major ﬁndings on chest CT. Longitudinal overview of documented ﬁndings on chest CT examination (here:
evaluation after second chest CT in COVID-19 disease course). Decrease in the size (LA long axis, SA short axis) of the imaging ﬁndings. These
ﬁndings are included in an automatically generated case report ﬁle for a COVID-19-positive patient and study data repository.

Interoperability Resources (FHIR), and open electronic health
records. These interfaces can also be used to receive data and
transfer the automated report to the locally used radiological
information system, HIS, or other destinations.

consistency and conformity of the measurements are facilitated
by the software architecture, which has been described previously,
e.g., for RECIST 1.1 criteria17. As an example, once a user
documents a parenchymal lesion, he will be asked to specify the
location either by choosing from a graphical interface of the lung
anatomy or by selection from a preﬁltered list of possible
locations, for all of which the unique identiﬁer codes from
Radiology Lexicon (RadLex), Systemized Nomenclature of Medicine (SNOMED), or NCI Thesaurus are additionally linked. In this
EDC, documentation of lesions in the category of parenchymal
lung abnormalities, which are not speciﬁed to be located within
the lung, will lead to an automatic indication of possible
irregularities in the conformity of the report. In order to approve
the report despite the noncompliance, the user will have to
manually justify their decision. Several of these conformity checks
have been implemented, in order to guarantee high quality of the
report and avoid errors of carelessness, thus ensuring the
acquisition of data with comparable quality across sites. Additional
automatically computed radiomics features provide secondary
data derived from the image that can be used for quantifying the
ﬁndings. Clinical researchers without programming knowledge
can extract radiomics features easily. The measurement of
parenchymal abnormalities and the documentation of the grade
of the lesion (e.g., ground-glass opaciﬁcation) at each time point
(in the event of several examinations) is annotated to the lobular
sublocation in the lung. Bilateral lung involvement, the total
number of lung lobes involved, and other qualitative speciﬁcations of the lesions with regard to their sublocation are evaluated
automatically within a rule-based framework. This leads to an
intelligent and simpliﬁed workﬂow supported by logical constraints. A report for each time point and for the longitudinal
observation of the patient is generated automatically and can be
used for internal communication between departments (see
example in Fig. 4; for full report, see Supplementary Notes).
The particular strength of the Mint EDC lies in immediate
linkage of imaging-based values not only to the context, e.g.,
anatomical location, but also to further related data of clinical
signiﬁcance—all in a structured way. Due to the integration in
the mint LesionTM software platform, mineable data are obtained
in a semantic data model with a HIPAA- and FDA CFR Part 11ready audit trail, immediately applicable for phases I–III clinical
trials and other medical research. Furthermore, the data are
exportable in various human- and machine-readable data
formats, such as comma-separated values (.csv) for external
analysis. All image annotations can be exchanged in open
formats, such as NRRD, or as DICOM-compliant annotations
(DICOM RT, DICOM Seg. Surface Obj.). Interfacing with other
information systems, such as hospital information systems (HIS)
to include clinical data, is possible through standardized
interfaces, including Health Level Seven, Fast Healthcare

DISCUSSION
The proposed solution supports the detection and standardized
recording of clinical and radiological disease features consistent
with the course of COVID-19 infection, as well as the relevant
epidemiological disease history. Furthermore, a predeﬁned, readily
repeatable analysis workﬂow in the form of a customized analytics
dashboard can be used for swift extraction of relevant exploratory
statistics. Open access to aggregated anonymized data from this
study, usage of the data analysis dashboard, and download of
aggregated data is possible via https://covid19.mint-imaging.com,
as described in the “Data availability” section. We envisage that
this data-driven approach will be used in current and future
research into therapies and candidate vaccines for COVID-19, as
well as future virus pneumonias, ﬁbrotic diffuse interstitial lung
diseases, or other diseases with complex characteristic patterns, as
the evaluation of clinical trials on novel therapies and the
development of risk stratiﬁcation markers can be performed
using the provided Mint EDC template. In comparison with other
global data collection and analysis approaches, such as RICORD
(Radiological Society of North America) or the OpenSAFELY
platform18, the EDC template as one integral part of the presented
data collection, and analysis platform will ensure high-quality data,
but can also be used for immediate clinical assessment and
automatic report generation in clinical routine. In addition,
analysis on the provided real-time dashboard can be performed
on current, and ongoing data reported via this structured
approach due to the systematic and harmonized data collection.
As of today, many of the published studies lack a sufﬁcient
number of cases or presented only retrospective results with
partially incomplete information due to challenges in data
acquisition. The ad hoc usage analysis presented herein is itself
restricted to an exploratory data analysis due to the relatively
small number of cases. Thus, we agree with the authors of other
studies that there is a need for larger trials with the systematic
data acquisition in the immediate future15,19.
We created the Mint EDC template based on current knowledge. As radiologists become more familiar with the radiological
ﬁndings typical for COVID-19, the proposed EDC will contribute
substantially to the diagnosis and treatment of SARS-CoV-2
infection, and facilitate pooling of knowledge across national
boundaries. The template, together with its automatically
generated reports and computer assistance, might also serve as
a learning platform for further education. The rapid spread of
COVID-19 in the ongoing pandemic has shown that extensive

npj Digital Medicine (2021) 69

Published in partnership with Seoul National University Bundang Hospital

G.A. Salg et al.

7
preparation and adjustment of healthcare systems is crucial, in
order to be able to respond appropriately and in timely manner.
We hope that the structured guidance through the radiological
assessment together with the pooled information gathered from
other sites might contribute to ﬂatten the learning curve, and thus
improve clinical management of patients suffering from COVID-19.
Furthermore, resource scarcity in relation to the number of cases
has been widely experienced in terms of medical consumables
and infrastructure, but there has also been a shortage of
healthcare professionals. A cloud-based web platform obviates
the need for physical proximity to the hospitals or protection
measures for radiologists. Teleradiology services can readily be
enabled based on the proposed concept, thus leading to larger
capacities for COVID-19 and other applications.
Our approach has limitations. Data acquisition and handling are
more time consuming with an EDC template than a routine clinical
reading. Further, integral data acquisition of imaging and clinical
parameters requires interdisciplinary input, which might not be
available for every case. Template usage statistics have shown that
relevant information, e.g., clinical symptoms, that is not directly
available to the radiologist may be missed in documentation,
resulting in incomplete datasets. Incomplete or missing clinical
information is a known issue in radiological assessment that
impairs diagnostic accuracy20. Thus, the completeness and quality
of relevant clinical information are to be considered in radiological
reporting20. Therefore, “role-dependent” templates can be provided as solutions that integrate into one structured dataset. In
the future development of a “role-dependent” EDC, we aim to
deﬁne task templates that consist of subsets of data items to be
automatically assigned to the radiologist, but also to, e.g., other
clinicians or study nurses in order to improve workﬂow efﬁciency,
data quality, and use of human resources. In addition, conformity
and interdependence checks, rule-based automatic assistance and
automatic data capture, using the FHIR interface might contribute
to complete datasets and reduce processing time. Currently, the
template is designed for CT imaging only, but an EDC template for
chest radiographs could be realized easily and is planned for the
future. Further its use could aid in the systematic workup of
extrapulmonary imaging ﬁndings. Lastly, it might appear illogical
to encourage increased research even though manpower is
currently limited. The primary goal is to provide a tool for future
clinical studies, which are urgently needed.
We do not want to present a predeﬁned global standard for the
assessment and reporting of patients with COVID-19; rather, our
intention is to initiate an evidence-based approach to deﬁne a
joint global standard that can be adapted to dynamic situations
and to discoveries yet to come. As an example, accumulating
evidence indicates a key role of pulmonary vascular pathologies in
COVID-19 that can be assessed in chest CT and contribute to
improved patient management12,21–23. New evidence will be
evaluated and integrated in future versions of the Mint EDC.
Standardized data acquisition and aggregation may also reveal
regional differences in the expression of the disease depending on
the respective case load and regional healthcare capacity leading
to a dynamic patient management. The Mint EDC can be adapted
and reﬁned according to evidence generated in ongoing and
future clinical trials, and additional reporting items, e.g., the CORADS11 or COVID-RADS12 assessment, can be added and
determined retrospectively. Any addition to or changes in
template parameters will not endanger previously collected data.
Permanent data integrity is assured, and even retrospective
acquisition of certain parameters will be possible if required.
Chest CT as a supporting tool for both diagnosis and treatment
monitoring has distinct beneﬁts, such as short turnaround time,
wide availability of the necessary equipment, and the possibility of
assessing the stage of the disease, including response to
treatments. However, it must be emphasized that even though
the reporting is conducted directly on the CT image data, the EDC
Published in partnership with Seoul National University Bundang Hospital

template can be used even if no imaging dataset is available.
Parameters regarding the patient history, clinical symptoms, and
clinical chemistry could still be documented systematically and
shared with other ongoing activities, such as the LEOSS project24.
Consequently, the target group of users includes not only
radiological departments, but every other department that
contributes to the diagnosis and treatment of COVID-19 patients.
The presented platform will be used by all 36 German university
hospitals in the recently initiated joint nationwide infrastructure
initiative RACOON. The cloud-based platform is integral in the
development of a uniﬁed backbone for data annotation, analysis,
and exchange among the partners. With the presented systematic,
computer-assisted, and context-guided approach to data capture
and annotations based on easy-to-use software, we wish to
contribute to a joint global response against the COVID-19
pandemic in a balancing act between research and clinical routine
and, moreover, to initiate a change in clinical study culture.
METHODS
mint LesionTM software platform
The mint LesionTM platform provides radiologists, physicians, and
researchers with a certiﬁed medical product software for assessment of
radiological images. Users can examine and process these images, identify
structures and features, and perform measurements on them. Typical uses
are screening, staging, and treatment response monitoring in various types
of cancer. User guidance along a detailed workﬂow process is provided, in
which every clinical ﬁnding and measurement is tied to the respective
metadata. Data collection, annotation, and analysis were performed on a
dedicated and private cloud platform hosted in Germany. All data are
secured in a geo-redundant backup storage. State-of-the-art encryption for
all data in transit and at rest has been implemented by means of the
Advanced Encryption Standard-256 technology. Communication security
between servers and client web browsers is secured by Transport Layer
Security 1.2. Login credentials are personalized and follow a deﬁned
password policy. The network storage is subdivided into an image buffer
that stores image data as imported via the provided upload/anonymization tool without any changes on the actual images. Annotation, data
records etc. are stored in an open-source PostgresSQL database. An
independent and renown IT security company has performed an IT security
audit prior to the productive use. All observations of the audit have been
mitigated during the audit period. The auditors veriﬁed that no
observations were remaining unresolved.

Knowledge sources
In March 2020, we published the ﬁrst version of the EDC using data items
based on a scientiﬁc literature review and the guidelines of the relevant
medical associations16,25,26. Due to the highly dynamic development of
knowledge about the pathophysiology, clinical presentation, and disease
course of COVID-19, continuous adjustments and amendments were
necessary for the data items queried in the COVID-19 Mint EDC. Updates of
the EDC template are performed based on continuous screening of the
scientiﬁc literature, and all reﬁnements are validated by medical experts in
accordance with the predeﬁned audit trail.

EDC template development
The template was developed based on the mint LesionTM software
platform allowing for implementation of customized reporting templates.
With a total of 67 reporting items, the template consists of document-level
data items that provide validity for each patient on a more general level,
accompanied by measurement-level data items in the context of a speciﬁc
annotation on the primary imaging data. Document-level data items
included the reporting categories “diagnostics” (rt-PCR test result and
antibody assay result), “demographic information”, “history of exposure to
infection”, “comorbidities”, “clinical symptoms”, “clinical chemistry”, “general pulmonary radiological ﬁndings”, and “COVID-19 compatible radiological ﬁndings”. The document-level questions mostly offer a choice of
three answers (yes/no/not evaluable), but have been customized where
applicable and offer free-text ﬁelds where appropriate. On the measurement level, lesions can be documented using a range of annotation tools,
including simple maximum diameter or long axis/short axis measurements,
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but also free-form 2D or 3D segmentation by deﬁnition of the region of
interest to compute radiomics parameters. Each measurement is
documented on the primary image, including its speciﬁc anatomical
location. Rule-based automatic evaluations and automatic acquisition of
data items are implemented where applicable. As an example, the
laterality of lung manifestations (left/right/bilateral) and the number of
lung lobes involved are automatically derived from the documentation of
lesions on the primary imaging data based on their speciﬁed location.
Conformity checks speciﬁc to the COVID-19 reporting template are
included to ensure valid documentation of lesions. Wherever applicable,
further explanation or literature citations are provided for the queried
data items.

Implementation and dissemination
In March 2020, Mint Medical GmbH, Heidelberg, Germany deployed the
COVID-19 Mint EDC at all customer sites per conﬁguration. The COVID-19
EDC template was installed free of charge, and there were no fees for its
use. For medical centers that did not already have a local Mint server
installed, a cloud-based software platform with secure remote access
options was developed and provided free of charge.

Template-based image assessment
Images were assessed by experienced radiologists at the participating
study centers. The radiological departments of the university hospitals of
Heidelberg (represented by Dept. of Radiology, Heidelberg University and
Dept. of Radiology, Thorax Clinic at Heidelberg University), Tuebingen,
Frankfurt, Innsbruck, Cologne, and Berlin, the Institut Jules Bordet in
Brussels, and the regional hospital of Heilbronn participated in this study.
There was no training in the use of structured reporting templates for
patient assessments in general or of the COVID-19 Mint EDC template in
particular, apart from the complimentary template description and user
manual provided.

Usage analysis: overview
The analysis was designed by the investigators. Ethical approval for
analysis of the de-anonymized metadata was obtained from the
appropriate review board by the coordinating study center at Heidelberg
University Hospital. Written informed consent was waived owing to the
retrospective usage of anonymized metadata. Anonymized data were
aggregated and visualized for descriptive analysis.

Usage analysis: deﬁnition and outcome
The primary intention was to prove the feasibility of using the COVID-19
EDC template for patient assessment, and subsequent systematic and
standardized data acquisition applicable for epidemiological and clinical
research by retrospective analysis of metadata. Therefore, landmark
research literature was used for comparison with the results of this
unsupervised, ad hoc, investigator-initiated, multicenter metadata analysis.

Data sources
Usage records of the developed COVID-19 EDC were obtained from all
participating study centers. All anonymized metadata were pooled for a
central analysis at the provided cloud server. Anonymization was
performed in a two-step process via an upload tool. First, all directly
identifying attributes were removed consistent with Attribute Conﬁdentiality proﬁle (DICOM PS 3.15: Appendix E), according to DICOM Standard
committee (working group 18) Supplement 142. In a second step, the
patient ID is manipulated by multiple hashing using a cryptographic
method. Conﬁdential information, partially deducted from patient data,
partially speciﬁc to the user is inserted as salt. The procedure is
nonreversible to all participants. However, longitudinal study data will still
be assigned correctly. Therefore, at least the level of qualiﬁed anonymization as introduced by the Horizon 2020 DS-08-2017 “Cybersecurity PPP:
Privacy, Data Protection, Digital Identities” is fulﬁlled. The inclusion criteria
were either laboratory-conﬁrmed or suspected COVID-19 infection and the
clinical indication for chest CT in a patient, who was either hospitalized or
being treated as an outpatient. Whether continuous cases were selected
and whether data were annotated with the EDC was purposely left to the
discretion of each participating site.
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Dashboard data aggregation and statistical analysis
The data aggregation and analysis were performed using the software add-on
mint AnalyticsTM, which provided the possibility to perform real-time analysis,
using a conﬁgurable search engine and front end for visualization. The
software is open source based on a front-end application (Kibana) for queries
and visualization of data indexed in elasticsearch (Elasticsearch, Inc., US, elastic.
co). Numerical values were summarized as averages and standard deviations.
Categorical variables were expressed as percentages. No imputation was made
for missing data. The laterality of the lesions and the number of lobes affected
by pathological ﬁndings compatible with COVID-19 was derived automatically,
using a rule-based framework depending on the number of lesions annotated
and their respective locations within the lung. The cohort of patients assessed
with this COVID-19 EDC has not been randomized, and decisions on the
applicability of EDC template assessment and subsequent inclusion in this
analysis were at the discretion of the responsible medical centers; thus,
statistics are descriptive only. Baseline imaging time points were chosen for
analysis. Subgroup analyses were performed depending on the rt-PCR status
reported for each patient and divided into rt-PCR positive, rt-PCR negative, and
patients with either unknown rt-PCR status or no test performed.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The COVID-19 Mint EDC is demonstrated at http://cloud1.mint-medical.de/
downloads/player/index.html?v=Covid19StandardizedAssessmentWeb. Raw data
generated with the COVID-19 EDC used for this multicenter analysis remain the
property of the respective participating institution. The anonymized datasets of this
multicenter usage analysis were aggregated solely for the proof of concept of the
proposed data generation and analysis platform. We provide public access to the
data analysis dashboard and aggregated anonymized data on https://covid19.mintimaging.com (User-ID: mint, password: FightCovid!). Every reader has the opportunity
to use the dashboard and visualizations, ﬁlter for speciﬁc data, and download the
respective data. The presented data form part of several other medical research
projects and investigator-initiated trials and will be included in individual and joint
publications. For the German RACOON project, a committee for data access and
collaboration will be formed and can be reached via the corresponding author.

CODE AVAILABILITY
No nonproprietary, customized code was used for data analysis. The data analysis
dashboard and its framework can be accessed through https://covid19.mint-imaging.
com (User-ID: mint, password: FightCovid!).

Received: 29 August 2020; Accepted: 3 March 2021;

REFERENCES
1. Li, R. et al. Substantial undocumented infection facilitates the rapid dissemination
of novel coronavirus (SARS-CoV2). Science 368, 489–493 (2020).
2. Scala, A. et al. Time, space and social interactions: exit mechanisms for the Covid19 epidemics. Sci. Rep. 10, 13764 (2020).
3. Gandhi, M., Yokoe, D. S. & Havlir, D. V. Asymptomatic transmission, the achilles’
heel of current strategies to control covid-19. N. Engl. J. Med. 382, 2158–2160
(2020).
4. Hu, Z. et al. Clinical characteristics of 24 asymptomatic infections with COVID-19
screened among close contacts in Nanjing, China. Sci. China Life Sci. 63, 706–711
(2020).
5. Hellewell, J. et al. Feasibility of controlling COVID-19 outbreaks by isolation of
cases and contacts.Lancet Glob. Health 8, e488–e496 (2020).
6. Lai, C. C. et al. Asymptomatic carrier state, acute respiratory disease, and pneumonia due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2):
facts and myths. J. Microbiol. Immunol. Infect. 53, 404–412 (2020).
7. Worby, C. J. & Chang, H. H. Face mask use in the general population and optimal
resource allocation during the COVID-19 pandemic. Nat. Commun. 11, 4049
(2020).
8. Chinazzi, M. et al. The effect of travel restrictions on the spread of the 2019 novel
coronavirus (COVID-19) outbreak. Science 368, 395–400 (2020).

Published in partnership with Seoul National University Bundang Hospital

G.A. Salg et al.

9
9. Bedford, J. et al. COVID-19: towards controlling of a pandemic. Lancet 395,
1015–1018 (2020).
10. Fang, X., Li, X., Bian, Y., Ji, X. & Lu, J. Radiomics nomogram for the prediction of
2019 novel coronavirus pneumonia caused by SARS-CoV-2. Eur. Radiol. 30,
6888–6901 (2020).
11. Prokop, M. et al. CO-RADS: a categorical CT assessment scheme for patients
suspected of having COVID-19-deﬁnition and evaluation. Radiology 296,
E97–E104 (2020).
12. Salehi, S., Abedi, A., Balakrishnan, S. & Gholamrezanezhad, A. Coronavirus disease
2019 (COVID-19) imaging reporting and data system (COVID-RADS) and common
lexicon: a proposal based on the imaging data of 37 studies. Eur. Radiol. 30,
4930–4942 (2020).
13. Bao, C., Liu, X., Zhang, H., Li, Y. & Liu, J. Coronavirus disease 2019 (COVID-19) CT
ﬁndings: a systematic review and meta-analysis. J. Am. Coll. Radiol. 17, 701–709
(2020).
14. Zhao, W., Zhong, Z., Xie, X., Yu, Q. & Liu, J. Relation between chest CT ﬁndings and
clinical conditions of coronavirus disease (COVID-19) pneumonia: a multicenter
study. AJR Am. J. Roentgenol. 214, 1072–1077 (2020).
15. Guan, W. J. et al. Clinical characteristics of coronavirus disease 2019 in China. N.
Engl. J. Med. 382, 1708–1720 (2020).
16. Salg, G. A., Ganten, M. K., Baumhauer, M., Heussel, C. P. & Kleesiek, J. A globally
available COVID-19 - template for clinical imaging studies. Preprint at https://doi.
org/10.1101/2020.04.02.20048793 (2020).
17. Goebel, J. et al. Tumor response assessment: comparison between unstructured free text reporting in routine clinical workﬂow and computer-aided
evaluation based on RECIST 1.1 criteria. J. Cancer Res Clin. Oncol. 143,
2527–2533 (2017).
18. Williamson, E. J. et al. OpenSAFELY: factors associated with COVID-19 death in 17
million patients. Nature 584, 430–436 (2020).
19. Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus
in Wuhan, China. Lancet 395, 497–506 (2020).
20. Abedi, A. et al. Reason for exam Imaging Reporting and Data System (RI-RADS): a
grading system to standardize radiology requisitions. Eur. J. Radiol. 120, 108661
(2019).
21. Wagner, W. L. et al. [Microvascular changes in COVID-19]. Radiologe 60, 934–942
(2020).
22. Bai, H. X. et al. Performance of radiologists in differentiating COVID-19 from nonCOVID-19 viral pneumonia at chest CT. Radiology 296, E46–E54 (2020).
23. Qanadli, S. D., Beigelman-Aubry, C. & Rotzinger, D. C. Vascular changes detected
with thoracic CT in coronavirus disease (COVID-19) might be signiﬁcant determinants for accurate diagnosis and optimal patient management. AJR Am. J.
Roentgenol. 215, W15 (2020).
24. Jakob, C. E. M. et al. First results of the “Lean European Open Survey on SARSCoV-2-Infected Patients (LEOSS)”. Infection 49, 63–73 (2021).
25. Vogel-Claussen, J. et al. Recommendations of the Thoracic Imaging Section of the
German Radiological Society for clinical application of chest imaging and structured CT reporting in the COVID-19 pandemic. Rofo 192, 633–640 (2020).
26. Simpson, S. et al. Radiological Society of North America expert consensus
statement on reporting chest CT ﬁndings related to COVID-19. Endorsed by the
Society of Thoracic Radiology, the American College of Radiology, and RSNA secondary publication. J. Thorac. Imaging 35, 219–227 (2020).

ACKNOWLEDGEMENTS
We thank the whole team of Mint Medical GmbH Heidelberg, including E. Atsiatorme, A.
Steinmann, A. Storz, J. Kast, D. Christlein, R. Wiedmann, M. Mludek, C. Leibli, and K. H.
Luby, for their past and ongoing effort to supply every healthcare specialist with the
developed software tool.

AUTHOR CONTRIBUTIONS
G.A.S., M.K.G., J.K., and H.G.K. drafted the concept of this study. G.A.S. took lead in
designing the COVID-19 Mint EDC, created the analytics dashboards, and

Published in partnership with Seoul National University Bundang Hospital

performed the analysis of the collected data. G.A.S., M.K.G., and J.K. wrote the
ﬁrst draft of the manuscript. M.B. took the lead in the software development and
provided the computational framework. A.M.B., M.A.F., C.S., R.E.F., C.A.V., P.F., F.D., A.L., S.
A., P.L.P., T.P., T.P., G.W., K.S., C.P.H., B.H., T.J.V., K.N., and H.U.K. contributed through
data acquisition and radiological assessment. All authors discussed the results and
reviewed or edited the ﬁnal version of this manuscript. Revision of the manuscript
was performed by G.A.S., M.K.G., J.K., H.G.K, A.M.B., M.A.F., and M.B.

FUNDING
Open Access funding enabled and organized by Projekt DEAL. Parts of this research
project were supported by BMBF 01KI2054.

COMPETING INTERESTS
G.A.S. and M.K.G. act as consultants for Mint Medical GmbH (Heidelberg, Germany).
M.B. serves as chief executive ofﬁcer of Mint Medical. H.G.K. is an indirect shareholder
of Mint Medical. T. Penzkofer was supported by Berlin Institute of Health (Clinician
Scientist Grant, Platform Grant) and reports research agreements (no personal
payments or connection with submitted work) with AGO, Aprea AB, ARCAGY-GINECO,
Astellas Pharma Global Inc. (APGD), Astra Zeneca, Clovis Oncology, Inc., Dohme Corp,
Holaira, Incyte Corporation, Karyopharm, Lion Biotechnologies, Inc., MedImmune,
Merck Sharp, Millennium Pharmaceuticals, Inc., Morphotec Inc., NovoCure Ltd.,
PharmaMar S.A. and PharmaMar USA, Inc., Roche, Siemens Healthineers, and TESARO
Inc. The remaining authors declare no competing interests. The COVID-19 Mint EDC
was free of license-royalty charges for noncommercial research activity, clinical usage,
and dissemination of data on the COVID-19 pandemic collected and analyzed on the
mint LesionTM software platform. Mint Medical GmbH does not permit any
commercial usage of the collected data and derivative results. All data will remain
the property of the participating institutions. Every participating institution may grant
and revoke access to its own data for other institutions or general open access at
any time.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41746-021-00439-y.
Correspondence and requests for materials should be addressed to J.K.
Reprints and permission information is available at http://www.nature.com/
reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

npj Digital Medicine (2021) 69

