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Abstract

Background: Due to the importance of radiologic examinations, such as X-rays or computed tomography scans, for many
clinical diagnoses, the optimal use of the radiology department is 1 of the primary goals of many hospitals.

Objective: This study aimsto calculate the key metrics of this use by creating aradiology data warehouse solution, where data
from radiology information systems (RISs) can be imported and then queried using a query language as well as a graphical user
interface (GUI).

Methods: Using asimple configuration file, the developed system allowed for the processing of radiology data exported from
any kind of RIS into a Microsoft Excel, comma-separated value (CSV), or JavaScript Object Notation (JSON) file. These data
were then imported into a clinical data warehouse. Additional values based on the radiology data were calculated during this
import process by implementing 1 of several provided interfaces. Afterward, the query language and GUI of the data warehouse
were used to configure and cal cul ate reports on these data. For the most common types of requested reports, aweb interface was
created to view their numbers as graphics.

Results:  The tool was successfully tested with the data of 4 different German hospitals from 2018 to 2021, with a total of
1,436,111 examinations. The user feedback was good, since all their queries could be answered if the avail able datawere sufficient.
The initial processing of the radiology data for using them with the clinical data warehouse took (depending on the amount of
data provided by each hospital) between 7 minutes and 1 hour 11 minutes. Calculating 3 reports of different complexities on the
data of each hospital was possible in 1-3 seconds for reports with up to 200 individual calculations and in up to 1.5 minutes for
reports with up to 8200 individual calculations.

Conclusions: A system was developed with the main advantage of being generic concerning the export of different RISs as
well as concerning the configuration of queries for various reports. The queries could be configured easily using the GUI of the
data warehouse, and their results could be exported into the standard formats Excel and CSV for further processing.

(JMIR Med Inform 2023;11:e41808) doi: 10.2196/41808
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Introduction

Background

Examinations performed by the radiology departments of
hospitals, such as creating X-ray, computed tomography (CT),
magnetic resonance imaging (MRI), or ultrasound images, are
fundamental for many kinds of clinical diagnoses. Therefore,
optimizing the use of radiology is important for any clinician
working with it aswell asfor any patient being examined there.
Such optimization has several advantagesfor the hospital, such
as shorter times patients need to stay there aswell asthe ability
to perform more radiol ogic examinations. It also has advantages
for the patient, such as shorter times to wait for the radiology
appointment as well as reduced radiation exposure, if
unnecessary repeated examinations of the same body region are
avoided.

Objectives

This optimization requires a good overview of the various key
metrics of radiologic services and their changes over time. A
systematic approach for computing such metricsisbuilding and

using aradiology data warehouse. The main requirements for
aradiology data warehouse solution are:

« Generic data import from the underlying radiology
information system (RIS), for example, viaan intermediate
data format

« Tools for enriching the basic data with inferred data via a
preprocessing step, which allows for more simple and
compact queries on the data

« Anexpressive query language

« A comfortable graphical user interface (GUI) for the query
language, including the ability to specify the resulting
reports as tables, graphs, or a standard export format for
further processing

- An €efficient engine for answering queries and generating
reports

These requirements are further explained in the following
sections.

State of the Art

The relevance of calculating the key metrics of radiology data
[1], aswell asthe types of metrics, that are most interesting for
radiology exports[2,3] has already been described. In addition,
the benefits of presenting such metrics in an easily
understandabl e dashboard [4,5] have been explained. Although
such solutions have been implemented for many different uses
cases [6-9], all of them use a fixed interface to 1 or multiple
specific hospital information systems and provide the user with
only a fixed selection of predefined calculations. In other
systems, the primary goal is to show data from individual
patients [10-12], which only alows for a limited amount of
filtering and no user-defined queries on the data. Other
approaches use a data warehouse [13,14] to unite data from
severa (still fixed) hospital information systemsinto a unified
representation and therefore alow for various user-defined
queriesto be executed but are missing a GUI for usersto specify
their queries and instead have their users either use Microsoft
Excel or Structured Query Language (SQL; ISO/IEC Joint
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Technical Committee 1/Subcommittee 32/Working Group 3)
for report creation. For importing data into a clinical data
warehouse, more generic solutions exist [15,16] but without an
option to calculate additional features during the import. This
could make certain types of reports difficult or, depending on
the query language of the clinical data warehouse, even
impossible to create. These solutions are further discussed in
comparison to the developed solution in the final section.

For hospital swhose data have been used during the devel opment
of this system, the state of the art for cal culating key metrics of
their radiology data was to do so manually in Excel. Although
thisallowsfor many different reportsto be created, it has several
drawbacks, which are also discussed in the final section. An
intermediate result of thiswork has already been described [17].
Thisisdescribed in moredetail, together with the improvements
in the final result, in the following sections.

Requirements

Generic Data Import I nto a Data Warehouse

A radiology data warehouse primarily needs data of the
examinations (type of modality, date and time of the request,
execution, and documentation of each examination), relevant
basic and radiologic patient data, the medical question for the
examination aswell astheradiologic diagnosis, and information
about the radiol ogic equipment used. Since hospitals use many
kinds of RIS, the use of an intermediate data format facilitates
the data import and makes it independent of the internal data
structure of the RIS, In this project, an Excel (or
commaseparated value [CSV]) table was used as an
intermediate format, in which the RIS data could be exported
and from which it could then be imported into the data
warehouse. If a hospital could only export its RIS data into
JavaScript Object Notation (JSON) format (a proprietary one
or a standard one such as Hedth Level Seven [HL7] Fast
Healthcare Interoperability Resources [FHIR]), the relevant
information from this format could also be converted into a
table (using an Excel or a CSV file) that uses the structure
described in the next section. All the hospitals whose datawere
used during the development of this system were only able to
provide Excel exports of their RIS data.

Semantic Preprocessing of the Basic Data

To make queries on the radiol ogy data easier, preprocessing of
basic datais useful. Therefore, additional values were inferred
from the basic data during the import into the data warehouse.
Two types of preprocessing were necessary for thisproject: The
first type was cal culations performed by combining information
from the basic data. Examples of such precomputed values are
the difference between the time when an examination was
requested and the time when it was performed as well as the
time when the radiologic images were interpreted. This is
usualy not available in the RIS directly but can be easily
computed from the individual time stamps. The second type
was standardizations of the basic data. For example, the medical
guestion for the examination could be either available as
unstructured text using different wordings or as a
hospital-specific code, which must be associated with areadable,
standardized description, for example, by using a regular
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expression during the import. As new kinds of queries are
requested, additional data may be required. Because of this,
another requirement is the ability to perform an incremental
update of the data warehouse with just the new data instead of
deleting and reimporting everything that has already been loaded
into it.

Types of Queries and Query Language

The developed system should be able to support a wide range
of different calculations. The calculations requested by the
hospital swith whose datathe system has been used so far could

be separated into 5 different categories, which are described
here:

« Patients, appointments, and examinations per modality:
The most common metric was the number of patients,
radiology appointments, and examinationsin the radiology
department for each modality. Additionally, these numbers
were separated between inpatients and outpatients, the
department of the hospital requesting an examination, the
region of the body that was examined, or the shift during
the day in which the examination took place. All these
numbers were used to provide a general overview of the
use of the radiology department.

« Useof radiologic devices: A radiology department usually
has many different devices for different modalities as well
as often multiple devices for a single modality. To better
distribute examinations and clinicians on these devices,
their useis 1 of the requested calculations. The metrics for
this use included the number of examinations and patients
per device. Furthermore, the time for each examination as
well asthe vacancy between examinations were evaluated.

« Length of apatient’s stay in the hospital: Depending onthe
disease, different lengths of stay in the hospital are
necessary. To eval uate whether patients were staying longer
in the hospital than expected, which results in a reduced
capacity for new patients, the actual stay times were
compared with the ones suggested by clinical guidelines.

«  Waiting times: Short waiting times are in the interest of
both the patient and the clinician requesting a radiologic
examination. Therefore, for each modality, thetime between
the request of an examination, the actual appointment in
theradiology department, and the availability of theclinical
findings after the examination were calculated and
compared.

«  Multiple examinations for the same question: To find the
answer to a specific medical question, in many cases, 1
kind of radiologic examination works best. If such
radiologic examination is performed directly by an
experienced radiologist (who also verifies whether the
requested examination makes sense for the medical
guestion), the chances are high that only 1 examination is
necessary to answer the medical question. However, if for
1 medical question, multiple examinations with the same
or with different modalities are performed, the patient has
increased radiation exposure and fewer radiology
appointments are available for other patients. To measure
this, first, all the different sequences of modalities for
different kinds of medica questions were calculated.
Afterward, the number of patients with such sequences
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were counted and compared. In addition, the total time for
which a patient with such repeated examinations stays in
the hospital was evaluated.

The query language used by the devel oped system must be able
to support these kinds of queries as well as additional ones
requested by the hospitals. Thisisalso important for evaluating
possible ways in which any of these metrics can be improved.
For example, unnecessary multiple examinations can perhaps
be explained by too few available devices for the modality
recommended for a question or by missing staff to operate a
device. To verify whether the measures taken are successful,
the query language must also be able to analyze the change in
the metrics over time.

A common set of queries for data saved in the same way
furthermore allows for an easy comparison of the calculated
number between different hospitals. In addition, as none of the
mentioned categories depends on a specific hospital, all these
calculations can be performed for any hospita (evenin different
countries) if it isableto provide the necessary datafromitsRIS.

A Comfortable GUI for the Query Language and the
Result Specification

Although the query language should be usable in textual form,
aGUI isalso required to create queriesin a graphical way and
automatically create the corresponding textual queries. Aswith
the query language, the GUI should also alow for the layout
of the requested report to be specified. The results of queries
should be shown to the user as a table or as a graph.
Furthermore, the results should be exportable into the standard
formats Excel and CSV so that they can be further processed.

Furthermore, the GUI should make the system (with alimited
amount of training) usable by the clinicians themselves and
therefore should not require any knowledge of computer science.

Efficiency Requirements

Importing data into the data warehouse as well as creating
reports using the query language on these data both should
happen in a reasonable amount of time. For the initial import,
the tool should not need longer than a few hours, and for
guerying the data, most of the queries should return their results
in about 1 second, while more complex queries should not run
for more than afew minutes. These requirements are necessary
so that a user can quickly start to use the system and, while
using it, easily try different variations of aquery without along
waiting time for each result.

Methods

Ethical Considerations

In this paper only retrospective, pseudonymized patient data
for patients with age groups below and above 18 years with a
few attributes only about their radiologic examinations were
used (dates, modality, device, localization, radiologic query,
boolean values for insurance [statutory or private], boolean
values for the type of stay in the hospital [inpatient or
outpatient]). De-pseudonymization of the datawas not possible
for the authors of the study. Therefore, no ethics approval was
necessary.
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Concept

Processing Radiology Data for | mporting It Into a Data
Warehouse

Thedatafrom the RIS of the hospital swere provided to the tool
as an Excel, CSV, or JSON file, in which each row represents
asingle examination. Each columninthisfileis 1 attribute, and
the names of these attributes are written in the first row of the
file.

To map these columns to attributes in the structure of the data
warehouse, a configuration file (using Excel or CSV as well)
was used. This file contained 1 row for each attribute and
specified the name, identifier, and datatypeto use (eg, numbers
or texts) when importing them together with the concrete values
into the data warehouse. The columns containing the required
metadata (eg, identifiers) must be specified in this configuration
fileaswell.

As mentioned in the previous section, some values for the
requested reports must be cal culated based on the exported RIS
data. To do this, several options were offered. Additional
columns were added to the RIS export performing the
calculations. These werethen imported into the datawarehouse
like any other column in the RIS data by specifying them in the
configuration file. The configuration file also provided an option
to replace textua values with other values, which could, for
example, be used to replace an abbreviation in the RIS export
with a longer form. For more advanced calculations, severa
programming interfaces were offered and could be implemented
for any value requiring such a calculation.

All thevaluesfrom the RIS, together with the cal culated values,
were then saved to the datawarehouse, and an index was created
on them for increased query performance.

Creating Reports

As soon as all the needed values were saved in the data
warehouse, queries on these datawererunto calculate and create
the requested reports. For this purpose, a query language was
used to define the structure of the report. Thiswas done by first
specifying attributes to be queried as well as constraints on the
values of these attributes. In the next step, these attributes were
combined with the logical operators “and”, “or,” and “not.”
These single attributes or groups of attributes were then used
to specify the rows and columns of the requested report. For
every combination of attributes in each row and each column,
a query was created, resulting in the cells of the report. If
additional constraintson all cellswere required, other attributes
were used to specify filters. Finally, the query language specified
what type of count (examinations, appointments, or patients)
should be returned. All thiswas either specified in textual form
or graphically using the GUI of the data warehouse. To create
a report, the query for each cell was run on the data and,
depending on the configuration, the number of examinations,
appointments, or patients was returned.

By using a query language like this, it is easily possible to run
modifications of a query, which is further ssimplified by the
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ability of the data warehouse to save a query and load it again
later.

After aquery was configured and executed, the interface of the
data warehouse showed the results as a table and provided the
option to export this table into the standard formats Excel and
CSV. The results of some predefined queries were also shown
as graphics.

I mplementation

The Clinical Data Warehouse PaDaWaN

PaDawWaN (short for Patient Data Warehouse Navigator) [18]
was used as the clinical data warehouse. Its core is a database
containing al the used medical information and a separateindex
to increase the speed of queries on the data. To specify the
gueries, PaDaWaN uses its own query language as well as its
ownweb interface. Furthermore, it providesthe ability to export
and save query results. All these parts are described in more
detail in the following sections.

Database Structure

PaDaWaN stores its data in a database, which could be either
a Microsoft SQL [19] or a MySQL [20] database. The table
structure is based on the entity attribute value model [21]. It
consists of 2 main tables, as shown in Figure 1.

Thefirst table (DWCatalog) containsacatalog of all the possible
types of information in PaDaWaN. This could represent, for
example, different types of diagnoses or laboratory
measurements. Each entry in this table is uniquely identified
by a numeric AttributelD as well as by the combination of
ExternalID (the ID in the terminology defining the entry, such
as, the International Classification of Diseases[ICD] code[22]
I50) and Project (the name of the whole terminology, such as
“1CD"). Attributel D is automatically generated by the database
and is only valid for a single installation of the system. As
further explained later, only the combination of ExternalID and
Project isused to identify entries from thistable in aquery, and
therefore, only this combination must be unique among different
systems if the same query should be used for al of them. For
easier usage in the PaDaWaN interface, every entry has a
readable name (eg, “heart failure”). The ICD terminology, for
example, uses a hierarchal structure. To save this or any other
hierarchy among the attributes, the ParentID field is used and
contains the Attributel D of the entry, that is, the parent of the
current entry. The kind of data (eg, Boolean, number, or text)
that could be saved for an entry is specified with the DataType
field.

In the DWIinfo table, all the concrete patient data are saved.
Each entry in this table is uniquely identified with an
automatically generated numeric Infol D and is associated with
a type of information from the DWCatalog table by its
Attributel D. With the other ID fields, each entry inthistableis
also associated with a patient, appointment, and examination.
The time and date on which avalue has been recorded is saved
in the MeasureTime field. The actual value (eg, the content of
apatient’s discharge letter) is stored as text in the Value field.
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Figure 1. Structure of the 2 main tables in PaDaWaN’s database containing al the possible types of information (DWCatalog) and the information
itself (DWInfo). ICD: International Classification of Diseases; PaDaWaN: Patient Data Warehouse Navigator.

DW(Catalog

Attribute Type Description
AttributelD int Unique numeric identifier
Name varchar Human-readable label
Project varchar Name of an external standard terminology (like
ExternallD varchar “ICD”) and unique identifier in this terminology
ParentD int Optional numenc‘ |dent|f|e.r of an ?ntry above
the current one in a terminology’s hierarchy
DataType varchar Kind of represented values (like number or text)

Attribute
InfolD
—  AttributelD
PatientID

AppointmentID

ExamID

MeasureTime

Value

Index Structure

To increase the speed of queries on the data in PaDaWaN's
database, it wasindexed with Apache Solr [23]. Solr saves data
in documents, and the schema used for PaDaWaN is shown in
Figure 2.

PaDaWaN offers the ability to search for data on 3 different
levels: patients, appointments, and examinations. If asearchis
conducted on any of these levels, al patients
appointments/examinations should be found, containing all the
requested combinations of attributes and values. To accomplish
thisin Solr, PaDaWaN uses Solr’s feature to store documents
nested in other documents. As shown in Figure 2, a document
is created for each patient and each appointment. Another

Type Description
bigint Unique numeric identifier
int Identifier of the associated DWCatalog entry
bigint
bigint Unique numeric identifiers for patient,
g appointment, and examination
bigint
datetime Time and date of recording the value
varchar Actual value

document is created for each examination and is stored inside
the patient and appointment documents. Finally, for every value,
another document is created and stored inside both examination
documents. Although this approach requires more disk space
as each valueis saved twice, this greatly increases the speed of
gueries being run on the patient level compared to a document
structure, where the appointments are nested inside the patient
documents. Each document contains all the available IDs, as
described in the previous section. Additionally, all of them
contain a field named ContainingFields, which stores the
Attributel Ds of all values contained in the current document.
This allows a query to restrict the number of top-level
documentsit must search on for concrete values of the attributes.
These values are stored in afield in the value document, whose
nameisgenerated by combining the attribute’ stypewithits1D.

Figure 2. Document structure of PaDaWaN’s Solr index using nested documents for examinations and values in separate parent documents for patients
and appointments. In addition to the numeric identifiers for patients, appointments, and examinations under ContainingFields, al Attributel Ds of al
values inside a document and its children are saved. The values themselves are stored in dynamic fields named with a combination of their type and

Attributel D. PaDaWaN: Patient Data Warehouse Navigator.

Patient
PatientlD
ContainingFields

Exam
PatientiD
ExamlD
ContainingFields

Value
PatientlD
AppointmentiD
ExamiID
ContainingFields
<Type>_<AttributelD>
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Appointment
PatientlD
AppointmentiD
ContainingFields

Exam
PatientlD
AppointmentlD
ExamID
ContainingFields

Value
PatientlD
AppointmentiD
ExamiID
ContainingFields
<Type>_<AttributelD>
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Query Language

To specify the structure of the requested tabular result,
PaDaWaN uses its own query language called Medical XML
Query Language (MXQL). Inthefollowing example, the result
table contains 2 rows and 2 columns. The rows contain 2
different types of modalities (X-ray and CT scan), and the
columns contain 2 regions of the human body (abdomen and
thoracic spine). For each combination of arow and a column,
the number of matching patients from hospital A is returned.
Inthefirst cell, for example, the number of patientswho undergo
an X-ray examination of the abdomen is counted. This query
is shown in MXQL in Figure 3 and in PaDawaN's GUI in
Figure 4. The result in Excel can be seenin Figure 5. Thisisa
simple example used to explain the query language, PaDaWaN's
GUI, and itsexport capabilities, and the results shownin Figure
5 may also be retrieved directly from an RIS (depending on its
capabilities).

Each query in MXQL must contain at least the following 2
elements: Query and Attribute. Query istheroot XML element
and contains the whole rest of the query. Attribute contains
information about the catalog entry whose values should be
queried. To identify this catalog entry, Attribute uses the
“domain” and “extID” properties, which map to the Project and
Externall D columns of the DWCatal og database table described
before. The remaining elements of the query are optional and
used for more complex queries. In the example query shownin

Limanetd

Figure 3, the Attribute elements are further constrained to only
match specific values for the catalog entries. Thisis done with
the contentOperator and desiredContent properties, where
desiredContent contains a value to be matched and
contentOperator the way it should be matched. The IDFilter
element is used to specify on which level al the attributes in
the query should be combined. In the examplein Figure 3, this
is set to “PID,” which means that all the attributes must have
the same PatientID and that the number of matching patients
should bereturned by such aquery. Thelast remaining el ements
of the query are DistributionRow, DistributionColumn, and
DistributionFilter. They are used to return counts of multiple
combinations of Attributes in a single query. Each
DistributionRow becomes a row in the created result, and
similarly, each DistributionColumn becomes a column. The
DistributionFilter can be used to apply further constraints on
al the combinations of rows and columns. Finaly, the
displayName property of the Attribute element can be used to
provide a name for the created rows and columns. Not shown
in the example is the ability of MXQL to combine multiple
attributes with the logical combinations “and” and “or,” which
could even be nested inside another combination. MXQL also
allowsfor thelogical operator “not” to be added to any attribute.

Here, only the MXQL features used for this project are
described. A complete documentation of this query language
(in German) can be downloaded from PaDaWaN'’swebsite [24].

Figure 3. Sample query in PaDaWaN's query language MXQL. This query returns counts of patients (specified with the filterIDType “PID") for each
combination of attributes specified as DistributionRows and DistributionColumns. In this example, the first combination would be all X-ray examinations
of the abdomen. DistributionFilter restrictsall the combinationsto patients from hospital A. MXQL: Medical XML Query Language; PaDaWaN: Patient

Data Warehouse Navigator.

1 <Query>

2 <IDFilter filterIDType="PID">
3 <DistributionRow>
il

<Attribute domain="generated_attributes" extID="modality_group"
displayName="X-Ray" contentOperator="EQUALS" desiredContent="X-Ray"/>

5 <Attribute domain="generated_attributes" extID="modality_group" displayName="CT"
contentOperator="EQUALS" desiredContent="CT"/>

6 </DistributionRow>
<DistributionColumn>

<Attribute domain="generated_attributes" extID="body_region_group"
displayName="Abdomen" contentOperator="EQUALS" desiredContent="abdomen"/>

9 <Attribute domain="generated_attributes" extID="body_region_group"
displayName="Thoracic Spine" contentOperator="EQUALS" desiredContent="TS"/>

10 </DistributionColumn>

11 <DistributionFilter>

12 <Attribute domain="generated_attributes" extID="hospital_location"
contentOperator="EQUALS" desiredContent="A"/>

13 </DistributionFilter>

14 </IDFilter>

15 </Query>
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Figure4. Webinterface of PaDawWaN with the query from Figure 3. On the left side, the catal og of available attributesis shown and can be hierarchically
expanded as well as searched. On the top of the right side, the query itself can be configured by dragging items from the catalog to create rows (Zeilen
in German), columns (Spaltenin German), and filters. With the 3 radio buttonsin the top middle, the kind of I Dsto be counted can be specified. Although
meaning something else in German in this project, the buttons from left to right are used for patients, appointments, and examinations. The row of
buttons in the middle are used to execute a query (Suchen in German) aswell asto save and load queries (Speichern and Laden in German, respectively)
and to export their results. After executing a query, the bottom right of the GUI showsits result (Ergebnisin German). The remaining buttons were not
used for this project. The query shown here creates rows for X-ray (R6: short form in German) and CT scan (CT: short form in German) examinations
and columnsfor examinations of the abdomen and the thoracic spine (BWS: short form in German). Thefilter then restricts everything to just examinations
from the hospital (Klinik in German) A. The remaining elements of the GUI were not used for this project. CT: computed tomography; GUI: graphical
user interface; PaDaWaN: Patient Data Warehouse Navigator.

Web-PaDaWaN v2.0.9

Katalog Anfrage
| MODUS BEZUGSMENGE WEITERE EINSTELLUNGEN
@ statistische Suche Patientenfalisuche @® Patienten Patiententalle () Dokumente Zahl an Patienten zuriickgeben
ZEILEN
ersuchu Modalitits-Gruppe = Ro ™ H X
Modalitits-Gruppe = CT ¥ H x
SPALTEN
Durchgefiihrte Untersuchung - Gruppe = Abdomen ¥ x
Durchgefiihrte Untersuchung - Gruppe = BWS ¥ H x
I
FILTER
Standort (Klinik) = A® x
ANFRAGE EXPOR
Q suchen B speicher f& Laden W Loschen & cs
Ergebnis

Alle(Standort (Klinik) = A) Patienten Durchgefihrte Untersuchung - Gruppe = Abdomen Durchgefuhrte Untersuchung - Gruppe = BWS

45

19

Figure5. PaDawaN Excel export for the query from Figures 3 and 4, where the number of patients with different kinds of radiology examinations (as
rows) is counted for multiple regions of the human body (as columns). CT: computed tomography; PaDaWaN: Patient Data Warehouse Navigator.

hierarchically expanded and searched. With the 3 radio buttons
inthetop middle of the GUI, thelevel onwhich all the attributes
in the query should be found (for this project, patients,
appointments, or examinations) can be configured. Via drag
and drop, any attribute from the catalog can be placed in any
section of the query to configure either rows (Zeilenin German),

Web Interface

PaDaWaN has its own graphical web interface allowing a user
to search the available attributes, graphically configureaM X QL
query, and preview the result table. The interface with the
MXQL query from Figure 3 looks like Figure 4.

On the left side of the interface, the content of PaDaWaN's
DWCatalog table (explained before) is shown and can be

https://medinform.jmir.org/2023/1/e41808
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pressing the Search button (Suchen in German). With the Save
and Load buttons (Speichern and Laden in German,
respectively), a configured query can be saved and any saved
guery can be loaded. The next 2 buttons provide the option to
export a queried result in either Excel or CSV format. The
bottom of the right half of the GUI shows the tabular result
(Ergebnisin German) created after running aquery. By clicking
any of the attributes in the query on the right side of the GUI,
a dialog box appears, where, for example, the value of an
attribute that should be counted can be configured. In this
exampl e these values are R6 (short in German for X-ray), CT,
Abdomen, BWS(short in German for thoracic spine), and A (for
the name of the hospital; Klinik in German). All the remaining
buttons were not used for the queriesin this project.

Export of Query Results

PaDawWaN al so offers an option to export query resultsin either
Excd or CSV format using the Excel or CSV hutton,
respectively, in Figure 4. When the query hasfinished, an Excel
or a CSV file is created and offered as a download. When

Limanetd

running the query shown in MXQL in Figure 3 and in the GUI
in Figure 4, the Excel export lookslike that in Figure 5.

As configured in the query, each row is a different kind of
radiologic examination, and each column contains a different
region of the human body. Asthe query was configured to return
the number of matching patients, the first number means that
in this (small and artificially generated) data set, 19 patients
underwent an X-ray examination of the abdomen.

Export of the Radiology Data

For the developed system, data from a hospital’s radiology
department are needed. The system should be usable by many
different hospitals with many kinds of RISs. Therefore, Excel,
CSV, and JSON are used as the formats in which the RIS data
can be exported and then imported from thisfileinto PaDaWaN.
As mentioned in the Introduction section, if a hospital is only
able to provide its RIS data as a JSON file, this can also be
transformed into a table and then saved as either an Excel or a
CSV file. A part of an RIS Excd export is shown in Figure 6.

Figure 6. Sample of an RIS Excel export containing information about 1 examination in the radiology department per row and 1 attribute per column.
CID: Caseidentifier; CT: computed tomography RIS: radiology information system.

Location
2 Location 1 1-Xray 19-01-01 00:03 1 XCHPA
EW Location 2 2-Xray2 19-01-01 00:21 2 XCHB
23 Location 1 1-Xray 15-01-01 00:50 3 XWRL
W Location 2 2-CT 19-01-01 01:21 4 CTSK
(*M Location 2 2-Xray2 19-01-01 02:30 5 XCHB
Pl Location 2 2-Xrayl 19-01-01 02:51 6 XHAL
:Jl Location 1 1-Xray 18-01-01 02:52 7 XWRL
M Location 1 1-Xray 19-01-01 03:20 8 XSHOL
Location 1 1-Xray 19-01-01 03:20 8 XPEL
Location 2 2-Xrayl 19-01-01 04:40 9 XCHPA
Location 2 2-Xrayl 19-01-01 04:40 9 XABL
Location 2 2-Xrayl 19-01-01 04:40 9 XABLL
I acatinn 1 1-¥Xrav 19-N1-N1 N4-49 10 XT1R

Exporting uses a simple structure, where each row represents
a single examination of a patient and each column contains 1
attribute with information about the examination. The title of
the attribute must be given in the first row. The only required
pieces of information are the ID of the patient’s stay in the
hospital, the start date and time of the examination, and the
modality performed. All the remaining attributes could be
different for each hospital, and the way they are imported into
PaDaWaN is explained in the next section.

All the IDs that were used for this project had already been
pseudonymized during the RIS export.

Import of the Radiology Data | nto the Data Warehouse

The RIS export, as described in the previous section, was
imported into PaDaWaN using the following steps:

https://medinform.jmir.org/2023/1/e41808

Device Start of examination CID Examination-short Examination-long Insurance Type of stay Modality

Chest radiograph I private outpat Xray
Bedside chest radi private inpat Xray
Left wrist radiogra statutory outpat Xray
Skull computed to private outpat CT

Bedside chest radi private outpat Xray
Left hand radiogra private inpat Xray
Left wrist radiogra statutory outpat Xray
Left shoulder radicstatutory outpat Xray
Pelvis radiography statutory outpat Xray
Chest radiograph Istatutory outpat Xray
Abdomen radiogrz statutory outpat Xray
Abdomen radiogre statutory outpat Xray
Right hig tne radin nrivate nlitnat ¥rav

- Step 1: A configuration file is created to specify the
mapping of the RIS export columns to PaDaWaN catalog
entries.

«  Step 2: Using this configuration file, the data in the RIS
export are converted to PaDaWaN database entries.

« Step 3: Additional precalculations are performed on the
RIS data using an interface provided, and the results are
saved in PaDaWaN's database as well.

« Step 4 A Solr index is created on these data.

An overview of this processisshown in Figure 7. Each step is
described in more detail later.
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Figure 7. Overview of the process for importing radiology data into the data warehouse. First, a configuration file is created and used to import the
exported RIS data into PaDaWaN's database. On these data, additional precalculations are then performed. Finally, a Solr index is created for al the
datain PaDaWaN's database. PaDaWaN: Patient Data Warehouse Navigator; RIS: radiology information system.

RIS data PaDaWaN

database

‘ Additional '

calculations

Solr index

Configuration file

Configuration Fileto Map the Radiology Data to the Data for specifying the PaaWaN catalog entry that should be created

Warehouse's Structure

An Excel (or CSV) configuration file was used to specify the
mapping of the columnsin the RIS export to the data structure
of PaDaWaN. A configuration filefor the datain Figure 6 would
look like that in Figure 8.

The first row of this file must always look like that shown in
Figure 8. Each of the following rows represents 1 column from
the RIS export. If any of these columns should beignored, they
can be left out. The columns of the configuration file are used

(with the name from the DisplayTitle column and ExtID and
DataType being directly used for database columns with the
same names). The DataType“ SingleChoice” is used for textual
values with only a limited number of possible options (eg,
modality). The ColumnName and ColumnNumber columnsare
used to identify acolumninthe RIS export. The VaueMappings
column can be used to map abbreviations or codes in the RIS
datato more readable names. Finaly, the MetaDataType column
is used to specify which columns contain which type of
identifiers, the time an examination was performed, and the
modality.

Figure 8. Sample of an Excel configuration file to specify the mapping between an RIS export and PaDaWaN's data structure. The ColumnName and
ColumnNumber columns must match a column in the RIS export. The DisplayTitle, ExtID, and DataType columns are mapped to the corresponding
columnsin PaDaWaN's DWCatal og table. With ValueM appings, column abbreviations in the RIS export can be mapped to their longer form. Thefinal
column is used to specify which RIS column contains which type of metadata. CID: Case identifier; PaDaWaN: Patient Data Warehouse Navigator;

RIS: radiology information system.

2l L ocation Location locatic SingleChol1
£l Device Device statior Text 2
/8l Start of examiStart of exanexecStDateTime 3
5 [e»] Case identifiicid  Text 4
Ml Examination-s Code of exar taskCc Text 5
YAl Examination-l Name of exa taskTe Text 6
3l Insurance Type of insuipayUnSingleCho! 7
I Type of stay Type of stay caseTySingleCho!8
0l Modality Modality =~ modal SingleCho/9

Import Process of the Radiology Data Using the
Configuration File

When starting the import of the RIS export, first, the
configuration file, as explained before, is read and then al the
columns specified in the rows of the configuration file are
imported into PaDaWaN.

For this, first, an entry in PaDaWaN’s DWCatalog table is
created with the values from the configuration file. To import
concrete values from any column in the RIS export into
PaDaWaN’'s DWinfo table, some metadata are required:
PatientID, AppointmentlD, and ExamID, as well as
MeasureTime. These are specified with the MetaDataType
column in the configuration file.

https://medinform.jmir.org/2023/1/e41808
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ColumnName DisplayTitle ExtID DataType ColumnNumber ValueMappings MetaDataType

MeasureTime
CaselD

inpat:inpatient;c
Modality

With the catalog entry and the metadata, each value in each
column of the RIS export was saved into PaDaWaN's database.

Calculating and Importing Additional Values Based on the
Radiology Data

As some calculations are not possible with PaDawaN'’s query
capabilities or would require complex queries, several interfaces
(written in Kotlin [25]) are provided to specify additional
calculationsthat should be executed during the RIS dataimport.
Initially, for al theseinterfaces, the properties of the PaDaWaN
catalog entry that should be created must be provided.
Additionally, the RIS column namesrequired for the calculation
must be specified. The provided interfaces can then be used to
either specify calculations that should occur for each
examination (eg, calculating the shift during aday in which an
examination was performed) or once for all examinations (eg,
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to cal cul ate sequences of examinationsthat have been performed
for asingle patient and for the same medical question with 1 or
multiple modalities).

During the execution of all the implementations, the catalog
entry specified by each implementation is created and the
implemented methods to cal cul ate the values and save them to
the database are called.

Creating an Index on All Imported and Calculated Values

The last step during the import process of the RIS data is the
creation of a Solr index on the data from PaDaWaN's database.
For this purpose, all the values are fetched from the database
and documents in the structure described before are created.
These documents are then sent to Solr, which createsits index
on them.

I ncremental Updates of the Data Warehouse for New
or Updated Radiology Data

The process of importing all the RIS data into PaDaWaN as
well as creating a Solr index on it takes some time (shown in
the next section). During the work on this project, additional
calculations on the RIS data, updates on existing calcul ations,
and additional information from the RIS were needed in many
cases. Thewhole process described in the previous section could
be run again, which resulted in most values being imported or
calculated again, although they did not change.

Therefore, a separate configuration file could be given to the
importer, containing just the names of the attributes from the
RIS export or from the implemented interfaces, that had to be
processed. When using this option, just the columns and
calculations of these attributes are processed and saved to the
database. Afterward, Solr’s ability to perform atomic updates
[26] is used. In this way, the whole documents do not have to
be created and indexed again, but instead, only small parts for
the updated or added attributes are del eted and then added with
the new values to the existing documents.

Another possibility for new radiology data would be datafrom
new patients. In this case, the additional data can be exported
from the RIS into a separate file and then the whole import
process described before can berunfor just thisfile so that only
the new data are added to the database and the index and no
processing of the existing data must be done again. If a
near-real -time eval uation of the datais requested by ahospital,
this process can also be run immediately any time new dataare
added to the RIS,

https://medinform.jmir.org/2023/1/e41808
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Performing Calculations on the Data Using the Data
Warehouse and Exporting Their Results

After the RIS data and any additional calculations on them are
saved to and indexed by PaDaWaN, PaDaWaN'’s web interface
is used to create and run queries on these data. The usage of the
interface as well as the query capabilities have aready been
described in the section on PaDaWaN before.

The process of creating a new query involves first specifying
all the attributes for rows and columns whose combinations
should be counted in the result. Optionally, additional filters
can be configured for all these combinations. Next, the user
chooseswhether the number of matching patients, appointments,
or examinations should be returned. Finaly, the query is run
(the matching MX QL query isautomatically created by theweb
interface), and its result is either shown directly in the GUI or
is exported to an Excel or aCSV file.

For reusing queries, PaDawWaN also provides an option to save
and load queries.

PaDaWaN’sweb interface uses a REST-based interface, which
can aso be used directly without the GUI. To do so, the query
must be created as an MXQL string and can then be sent to the
interface. When PaDaWaN has finished the execution of the
query, the result can be received in JSON format or as an Excel
oraCsV file.

Presentation of Results Calculated by the Data
Warehouse

As PaDaWaN alows for exporting of results into the standard
formats Excel and CSV, these results can be easily imported
by many different tools to perform further calculations or to
create graphics. To present the 4 most common types of
calculationsfor the hospitalsinvolved in this project asgraphics,
a simple web dashboard was created and is shown in Figure 9.

The example calculates for al inpatients the percentage of
findings for 3 modalities that has been available for 1, 2, 3, or
4 days after the examination in the radiol ogy department. These
numbers are further compared between the whole radiology
department and just examinations that have been requested by
the neurological surgery department.

To calculate these numbers, matching PaDaWaN queries were
created and saved. When opening this dashboard, the queries
wereloaded and executed, and the numberswere extracted from
PaDaWaN's result table.

JMIR Med Inform 2023 | vol. 11 | e41808 | p. 10
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Limanetd

Figure 9. Simple web dashboard with graphics for the 4 most common types of calculations on the radiology data of the hospitals involved in this
project. The graphicsin this figure show what percentage of findings for aradiological examinationisavailableinupto 1, 2, 3, or 4 days. Thisisgiven
for the 3 most common modalities and is compared between examinationsin the whol e radiology department and only the ones requested by neurol ogical

surgery. CT: computed tomography; MRI: magnetic resonance imaging.

Radiology-Dashboard = Findings availability times

it Homepage
i Findings availability times
il Patient changing times

Wl Reguirements behaviour

Availability times for findings of inpatient patients

] Performance profiles Whole radiology Neurological surgery
Duration in days until final report: CT Duration in days until final report: CT
77.44% 78.08%
£ 3.74% 2.25% e 2.81% 1.17%
Duration in days until final report: MRI Duration in days until final report: MRI
41.55%
29.15%
17.34% - 20.9%
=% 6.85% - 8.41% 5.18%
Duration in days until final report: X-Ray Duration in days until final report: X-Ray
92195% BRLAZS
4.01% 127% 0.85 2.57% o 0.43
Results Used Data

Technical Evaluation

In thefollowing sections, details about the used data themselves
as well as about the import and report creation process are
presented.

The developed system was tested with RIS exports from 4
different hospitals from different regions of Germany. Some of
these data are shown in Table 1.

Table 1. Information about the used radiology exports of 4 different hospitals from Germany.

RIS export size (MB)

Details Hospital A Hospital B Hospital C Hospital D
Hospitd sites, n 1 2 2 3
Time of data 2018 2019 to September 2020 2018 to June 2021 2019 to 2021
Patients, n 13,603 125,732 N/A2 N/A2
Appointments, n 28,886 384,186 307,174 241,148
Examinations, n 52,542 487,474 599,481 296,614
Values imported, n 2,50,001 11,650,688 15,014,221 5,339,024
Values generated, n 555,859 18,848,459 8,151,85 2,974,740
149 75.7 56.1 217

8N/A: not applicable. The data from hospitals C and D contained no patient identifier, so the number of patients could not be specified.

PRIS: radiol ogy information system.
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The datawere provided as an Excel export from the RI Ss of the
hospitals. The last 3 hospitals had multiple radiologic sites in
different cities. In addition, the time for which the data were
exported was different, ranging from 1 year for thefirst hospital
to 3.5 years for the third one. Only in the exports of the first 2
hospital s was a (pseudonymized) patient identifier included, so
the number of patients could only be calculated for these 2
hospitals. Each value in a single cell of the RIS exports was
imported into the datawarehouse, and their number is specified
in Table 1. For comparison, the number of values that were
generated during the import is also specified. Numbers related
to the import process are presented in the next section. Finally,
inthe last row, the size of the Excel files exported from the RIS
is shown.

Process of Importing the Radiology Data I nto the Data
Warehouse

For the data of all 4 hospitals, a separate virtual machine
(running in the internal network of the university of Wiirzburg)
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was created, and each of them was configured with 4 CPUs and
32 GB of RAM and stored on a solid-state drive (SSD). Inside
of these machines was installed Ubuntu 20.04.4, together with
MySQL 8.0.28, Java11.0.14, and Solr 8.11.1. PaDaWaN’sweb
interface was run on an Apache Tomcat [27] 10.0.18 server. On
these virtual machines, the RIS exports were imported into
PaDaWaN, resulting in the numbers shown in Table 2, which
are discussed in the next section.

For 3 of the hospitals (the ones with data from multiple sites
and years), the RIS export was provided as several Excel files,
which were imported 1 by 1. Their number is specified in the
first row of thefirst section of Table 2. After processing all files,
the Solr index creation began.

Thenext row of Table 2 showsthetotal time needed for loading
the RIS exports and saving their valuesto PaDaWaN's database.
The number of attributes in the RIS export is specified in the
last row of the first section.

Table 2. Numbers measured while importing radiology exports into the data warehouse.

Details Hospital A Hospital B Hospital C Hospita D
RIS dataimport

Imported files, n 1 4 8 3

Import time (hours:minutes:seconds) 0:02:22 0:18:11 0:21:06 0:07:07

Imported attributes, n 45 26 11 18
Additional calculations

Calculations, n 10 14 9 8

Time for each calculated attribute (seconds), mean (SD) 4.7 (2.9) 23.0(30.2) 9.3(2.3) 11.7 (8.0)

Total time (hours:minutes:seconds) 0:00:47 0:21:31 0:11:11 0:04:40
Index and database

Solr index creation time (hours:minutes:seconds) 0:04:02 0:31:28 0:16:49 0:12:06

Time of the total process® (hours:minutes:seconds) 0:07:12 111:15 0:49:13 0:23:57

Database size (GB) 13 15.8 11.4 37

Solr index size (GB) 14 151 2.2 38
Incremental updates

Examinations per day, mean (SD) 144 (61.8) 763 (288.5) 469 (200.3) 271 (222.3)

0:00:18 0:01:29 0:01:00 0:00:28

Time for adding these examinations® (hours:minutes:seconds)

#Total time for importing all attributes, calculating additional ones, and creating the Solr index.
bTime for incremental ly adding just this average number of examinations per day.

In the second section of Table 2, numbers related to the
additionally performed calculations are shown. These are the
number of calculated attributes, the average time needed to
calculate and save them to the database, and the total time for
calculating and saving al these values.

The second-to-last section of Table 2 startswith thetime needed
to create a Solr index of al the imported values as well as the
time needed for the whole import process of each hospital. In
the last 2 rows, the size of the created database and Solr index
is specified.

https://medinform.jmir.org/2023/1/e41808

Inthefinal section of Table 2, additional numbersrelated to the
ability of the devel oped system to perform incremental updates
are shown. Therefore, the average number of examinations per
day for each hospital was calculated and then the time was
measured to incrementally add just thisnumber of examinations
(along with additional calculations on them) to PaDaWaN's
database and index.
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Creating Reports on the Radiology Data With the Data
Warehouse

Many reports were created using the data of all 4 hospitals,
depending on the requirements of each hospital. Three reports
of different complexities, which were requested by most of the
hospitals and were possible with the data provided by all of
them, were created to show the time PaDaWaN needed to
calculate those reports and export them as an Excel file. For
each report, the number of matching examinationswasrestricted
with MXQL to only include the data of 1 year. In al 3 reports,
the 4 most common types of modalitiesfor the hospitals (X-ray,
CT, MRI, and ultrasound) were used. The following reports
were created:

« Report 1: Number of examinations performed for the 4
modalities (as rows of the query) and for the types of stay
in the hospital (inpatient or outpatient, as columns of the
query)

« Report 2: Number of examinations performed for the 4
modalities (asrows of the query) and for the different hours
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of the day (from 8:00 am. to 7:00 p.m., as columns of the
query)

« Report 3: Number of examinations requested by all the
different organizational units of each hospital (as rows of
the query) for the 4 modalities (as columns of the query)

The numbers related to the creation of these reports are shown
in Table 3 and are discussed in the next chapter.

One Solr query was created for each possible row-column
combination, which iswhy the number of executed Solr queries
for each report equaled the number of rows multiplied by the
number of columns. These numbers were identical for al 4
hospitalsin the first 2 reports, as they used the same rows and
columns. In the last report, 1 row was created for each
organizational unit of the hospital, resulting in different numbers
of rows for each hospital.

Table 3 also showsthe average timein milliseconds Solr needed
for each single query, aswell asthetotal timeto run all the Solr
gueries and export their results as an Excel file.

Table 3. Numbers related to the process of creating 3 reports of different complexities with the data warehouse.

Report and details Hospital A Hospital B Hospital C Hospital D
Report 1

Rows, n 4 4 4 4

Columns, n 2 2 2 2

Solr queries, n 8 8 8 8

Time? (ms), mean (SD) 79.5 (111.6) 185.3 (264.0) 90.3(117.3) 95.3 (180.7)

Total time 645 ms 1s489ms 728 ms 767 ms
Report 2

Rows, n 4 4 4 4

Columns, n 12 12 12 12

Solr queries, n 48 48 48 48

Time® (ms), mean (SD) 18.3(7.7) 67.8(23.3) 22.6 (12.4) 21.8(13.7)

Total time 904 ms 3s275ms 1s110ms 1s69ms
Report 3

Rows, n 48 804 396 2054

Columns, n 4 4 4 4

Solr queries, n 192 3216 1584 8216

Time? (ms), mean (SD) 11.6 (4.2) 251(3.2) 9.1(34) 9.8(3.3)

Total time 2s315ms 82s233ms 155201 ms 84 s 758 ms

8Average time for the execution of each Solr query.

Comparison With the Creation of Reports Directly in
Excel

Before using the developed tool, al 4 hospitals created such
reports directly in Excel. To evaluate possible improvements
compared to the report creation in Excel, this manual process
was performed for new reports of different complexities with
the largest data set (of hospital B) with the data of 1 year.

https://medinform.jmir.org/2023/1/e41808

When the reports are created directly in Excel, nothing needs
to be imported. Nevertheless, to simplify the calculations on
the data, al the RIS exports of the considered year were
combined into a single Excel file. The calculations otherwise
executed during the import process were performed directly in
Exce by using Excel formulas in new columns. As all these
calculations were executed on each opening of the Excel file,
all the RIS data, together with the calculated values, were then
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copied to another Excel file so that working with the data was
faster.

The reports themselves could be created directly in Excel in
many ways. If just single numbers are required, Excel’sbuilt-in
filter capabilities can be used. To create the reports for this
evaluation, Excel formulas were used to define the value of
each cell. These formulaswere then copied to all the other cells,
and their restrictions were adapted according to each row and
column of the report that had to be created.

Theresults of thiscomparison are discussed in the next section.

User Feedback

Because the usage of the devel oped system consisted of various
reports requested by the participating hospitals, their feedback
was evaluated by describing the requests that could and that
could not be created on the data provided by them.

In general, the requests could be divided into those of interest
to all hospitals and special requests by an individual hospital.
Of general interest was, for example, the number of patients,
appointments, and examinations; the use of devices, repeated
examinations of the same body region; and the waiting time for
an examination. Specialized reports were mainly created for
hospital B, which has the largest radiology department among
the participating hospitals. The concrete reportsthat were created
for each hospital are listed next.

Reportsfor Hospital A

«  Specificaly for patients with multiple myeloma or a
hepatocellular carcinoma the number of patients for each
modality and quarter of the year aswell asfor each type of
stay in the hospital and each clinical department requesting
aradiol ogic examination for such patients has been counted.

«  For the same two types of diseases the number of patients
with repeated examinations using the same or different
modalities was counted.

« For two clinica departments requesting radiologic
examinations the time between the request and the
availability of the radiologic report has been eval uated.

Reports for Hospital B

Each of the following reports was requested for each site of the
hospital aswell asfor regular radiology and neuroradiology:

«  The number of patients, appointments, and examinations
for each modality was counted. In separate reports, these
numbers were further split by each shift and hour during
the day or the body regions listed for the next report.

« For repeated examinations using the same or different
modalitiesfor the samebody region, the number of patients
was counted. The body regions of interest for this hospital
were the abdomen, the cervical spine, the thoracic spine,
the lumbar spine, the ankle joint, the knee joint, the hip
joint, the shoulder joint, and theliver. In another report, the
total time for these sequences of modalities was evaluated.

« For each modality, the time between the request for an
examination and the actual start of it, as well as the
availability of the radiologic report, was evaluated. In a
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similar way, the duration for just the examination itself was
evaluated.

- The use of each radiologic device was evaluated by the
duration for just the examination itself as well as the
duration from the start of an examination until the start of
the next examination using the same device.

«  For another report, the number of patients at the radiology
department for thefirst time or using each modality for the
first time during a year was counted.

«  Thenumber of examinationswas also counted for patients
not older than 18 years and for the following special
treatments: osteodensitometry, teleradiol ogy,
mammography, and nuclear medicine.

- Specificaly for radiologic examinations of the spine, the
difference between the actual time a patient stayed in the
hospital in comparison to the time recommended by a
clinical guideline was evaluated.

Reports for Hospital C

«  The number of appointments and examinations for each
modality was counted for each site of the hospital and each
year. These numbers were calculated separately for each
hospital department requesting a radiologic examination,
for each shift during the day, for each type of stay in the
hospital, and for each type of insurance a patient has.

«  Only the number of MRI examinations was calculated for
each hospital site and year separated by the following body
regions. spine, abdomen, upper abdomen, pelvis, small
intestine, joints, soft tissues of the neck, hand, foot, chest,
skull, shoulder, and heart.

Reports for Hospital D

- For each site of the hospital, each year, type of stay in the
hospital, and shift, the number of appointments and
examinations was counted for each modality.

- Because for this hospital, the names of external private
medical practices requesting radiol ogic examinationswere
aso provided, the number of appointments and
examinations requested by each of them was also counted
for each hospital site, year, and modality.

With these reports, all the requests of hospitals A and B and
some of the requests of hospitals C and D could befulfilled. As
mentioned before, hospitals C and D were not able to provide
patient identifiers along with therest of their exported data, and
therefore, no number of patients and no sequences of multiple
examinations (as they usually do not occur during the same
appointment) could be calculated. The data provided by hospitals
C and D aso contained no time stamps except the time an
examination started, and therefore, no time differences between,
for example, the request for an examination and the actua
appointment or the availability of the radiologic report, could
be evaluated.

However, as long as the hospitals were able to provide the
necessary data, all their requests could befulfilled, and therefore,
all of them were satisfied with the developed system.
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Discussion

Principal Findings: Used Data

As shown by the numbersin the previous section, the imported
datawas diverse, with different numbers of years and attributes.
The number of generated values was different as well
(depending on the requested reports). However, some hospitals
were not ableto provide all the datafor their requested reports,
such as hospitalstitled C and D, which could not (or only with
alot of effort) provide apatient identifier, which resulted in the
inability to create any reports with counts of patients.
Nevertheless, due to its configurable and modular approach,
the developed system can be used for these RIS exportsaswell,
only requiring the creation of a new configuration file as well
as some implementations of the interfaces for additional
calculations. For hospital B, by far, the maximum number of
reports was created, which resulted in the number of generated
values exceeding the number of imported ones. One of these
calculations, for example, was to count how many patients
encountered multiple examinations for the same medical
question with the same or different modalities. This directly
pointed out multiple cases in which, for example, X-ray
examinations had been conducted, followed by a CT or MR
examination, where only aCT or MRI examination would have
been necessary, resulting in unnecessary radiation exposure for
the patients as well as unnecessary radiology appointments.

Processof Importingthe Radiology DatalntotheData
Warehouse

When comparing the different numbers related to the import
process, wefound acorrel ation between the number of generated
and calculated values and the time the developed tool needed
to process them. However, even the RIS export with the
maximum imported and cal cul ated val ues (of hospital B) needed
only about 1 hour 10 minutes for the whole process, making it
fast to use even when installed in a new environment. For most
reports, this time is only needed once, and multiple different
reports can be created with the system afterward. If adaptions
are needed (like for additional calculations during the import
process), the mechanism for incremental updates can be used
so that the time until the adaptions can be used for reports is
even shorter. The storage required for the database and the Solr
index together (31 GB for thelargest data set of hospital B) can
be easily found on many existing systems, and therefore, in
most cases, no additional drives need be bought when using
this tool. As shown in Table 2, the sizes of the database and
Solr index were nearly identical for 3 of the hospitals. The
difference between these sizes for hospital C was the reason
that the data provided by it aswell asthe calcul ated values were
mostly Boolean values. Although they are savedin similar form
as other types of valuesin the database, the Solr index does not
need to save and process any concrete textual or numeric value
for them, resulting in the Solr index being alot smaller than the
database.

https://medinform.jmir.org/2023/1/e41808
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Creating Reportson the Radiology Data With the Data
Warehouse

For many kinds of reports, the developed system can calculate
and export them in a few seconds, as shown in Table 3. This
allows a user to quickly iterate and try multiple configurations
of a query. By using the preview option of PaDawaN's
interface, intermediate results do not always have to be exported
to Excel or CSV. Even the third report in Table 3 could be
created in less than 1.5 minutes for all 4 hospitals, although
many single Solr queries were necessary for them. In all these
reports, the queries were similar, resulting in the average time
for each query becoming shorter with the total number of
gueries. Another observation from the created reports is that
with a larger Solr index (hospital B has the largest one), the
average time for each Solr query more than doubles compared
to the reports created for the other hospitals but still goes down
to 25 ms during the creation of the third (and largest) report.

Comparison With the Creation of Reports Directly in
Excel

When comparing the devel oped tool with report creation directly
in Excel, except for the combination of datafrom multiple Excel
files into 1 (which is not necessary for the developed tool,
because the RIS data are combined into 1 database and Solr
index), no import of data are required, making this step faster
and easier in Excel. However, for the calculation of additional
values depending on the type of calculation, the required Excel
formulas can get quite complex and are therefore more difficult
to devel op and maintain compared to a cal culation written using
the Kotlin method. To circumvent this disadvantage, Excel’s
ability to add scripts [28] can be used. During the creation of
reports, the main disadvantage of using only Excel is the
requirement for complex formulas, making the whole report
more difficult to create and maintain compared to configuring
a query in PaDawaN's web interface. Especialy the
addition/deletion of an attribute to/from any row, column, or
filter is easy in PaDaWaN's GUI, while this requires a user to
adapt the Excel formulas in every cell. Therefore, PaDawWaN
allows for easy ad hoc adaptation of reports even while
discussing them with clinicians. Such ad hoc adaptation also
benefits from the fast execution times of most PaDaWaN
gueries, as explained before. The drawbacks resulting from the
use of Excel formulas for creating reports can be partially
overcome by using Excel’s feature to create pivot tables. This
allowsauser, inasimilar way to PaDaWaN, to configure rows,
columns, and filters of the requested table as well as the kind
of numbers (eg, counts of patients or examinations) that should
bereturned. The disadvantages of thisfeature are that no logical
combinations of attributes for a single column, row, or filter
can be specified and would require additional precal culated
columns. It also lacks PaDaWaN's ahility for advanced searches
ontextual datadirectly aspart of the query [18]. Altogether this
evaluation showed that although most kinds of reports can be
somehow created with Excel, especially more complex queries
are difficult to configure and maintain there, while this can be
done easily in PaDaWaN’s GUI. A limitation of the devel oped
tool is the requirement for an initial setup and for additional
training of the clinicians on how to useit, while Excel isatool

JMIR Med Inform 2023 | vol. 11 | e41808 | p. 15
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

that is already installed in many hospitals and many clinicians
are aready familiar with its usage.

Limanetd

Comparison With Alternative Solutions

In addition to the creation of reports directly in Excel, other
solutions already exist that provide a user with key metrics on
medical data. A comparison of the solutions introduced in the
State of the Art section is presented in Table 4.

Table 4. Comparison of different existing solutions to calculate key metrics of radiology data (or of medical datain general in the last column).

Solution Studies

[6-9] [10] [11] [12] [13,14] [15,16]
Graphical results Yes No Yes Yes No Yes
Graphical query definition No Limited Limited Limited No Yes
User-defined queries No Limited Limited Limited Yes Yes
Additional calculations during import N/A2 No No No No No

No No Yes No No Yes

Import independent of a specific RIS

8N/A: not applicable. Because these solutions operate directly on aradiology information system (RIS), no intermediate storage is used and therefore

no additional attributes can be saved to it.
bRIS: radiol ogy information system.

Thefirst 4 solutions provide dashboards for the following uses
cases. general imaging use[6], ordered and performed imaging
studies for the emergency department [7], scheduled and
in-progress examinationsin pediatric radiology [8], and various
metrics on orders, acquisition, interpretation, and reporting of
radiologic images[9]. Although all of them could present their
results as graphics, no additional queries (in addition to the ones
predefined for the graphics) could be performed. Furthermore,
the solutions only work with 1 or multiple specific RISs.

The next 3 solutions work in a different way, as their primary
purposeisto display information about individual patientswho
are currently treated (or about to be treated) in the radiology
department [10-12]. The values shown by them can be filtered,
for example, by a specific type of examination, but no rea
gueries on these data can be defined by the user. The graphics
provided by Henkel et a [11] are limited to single patients and
show, for example, the history of 1 of their |aboratory values.
Munbodh et a [12] aso provide predefined graphics for the
total number of examinations of different kinds during the past
month. Although they al use intermediate storage for al the
patients data from the hospitals and RISs, no additional
calculations on these data can be performed during the import,
and of the 3, only the solution provided by Henkel et al [11] is
not tied to a specific hospital or RIS.

The next 2 solutions use a data warehouse as a business
intelligencetool for the radiology department [ 13] and combine
radiology with pathology data [14]. Although both solutions
allow for user-defined queries to be executed, these queries
must be specified using Excel or SQL and not viaa GUI. They
also cannot create graphics from the query results and are tied
to a specific RIS. Additionally, no precalculations on the RIS
data can be performed and saved in the data warehouse.

Thelast 2 solutions are importers for i2b2 [15] and for i2b2 as
well as PaDawaN [16] and are not dependent on aspecific RIS.
They can use al the capabilities of these data warehouse
solutions, including the ability for user-defined queries via a

https://medinform.jmir.org/2023/1/e41808

GUI and to show some predefined graphics based on these
gueries. However, because no additional calculations can be
performed and saved to the data warehouse during the import,
some kinds of reports are difficult or even impossible to create
(eg, the evaluation of repeated examinations of the same body
region). The developed system has the capability of additional
calculations and therefore supports the most diverse kinds of
reports.

Verification of the Calculated Metrics

As mentioned in the Introduction section, there are 2 main
purposes of calculating al these metrics: From a patient’'s
perspective, thewaiting time for an appointment in the radiol ogy
department should be as short as possible and the exposure to
radiation should be as low as possible. The hospital, however,
wants to maximize its profits. By reducing the time until a
diagnosis has been made, the patients can stay in the hospital
for fewer days, which therefore allowsthe hospital to treat more
patients. In addition, by eliminating or at least reducing
unnecessary repeated examinations of the same region of the
body, the radiology department also has the capacity to treat
more patients. Treating more patients results in more profit for
the hospital and shorter waiting timesfor patients. The reduction
in unnecessary examinations also lowersthe patients’ exposure
to radiation. Thus, both main purposes of the devel oped system
can be achieved if metrics concerning the waiting times for
appointments and diagnosis as well as repeated examinations
can be calculated. The way this can be done has aready been
described before. For a hospital to be able to improve these
metrics, it is also important that potential reasons for longer
waiting times and repeated examinations be evaluated. Just from
the RIS data themselves, this is, for example, possible by
comparing the use of different radiologic devices to check
whether the purchase of additional devicesis necessary. Another
possibility is the comparison of different hospital departments
that request radiologic examinations. If ametricissignificantly
worse for one department compared to others, maybe the
communication between this department and radiology needs
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to be improved. However, the devel oped system is not limited
to RIS dataaone. By combining these datawith other datafrom
the hospital information system in the datawarehouse, additional
possibilities for improvements can be found. For example, by
comparing the diagnosis made by the radiology department with
the final clinical diagnosis, the quality of the radiologic
diagnosis can be evaluated. In addition, because the data
warehouse can store data from multiple years, along with their
time stamps, the devel oped system al so supportsthe verification
if any measure taken results in the desired improvement of
specific metrics.

Limitations of and Biasin the Calculated Metrics

Asall the metrics calculated by the devel oped system are based
on datafrom the RIS and the hospital information system, their
quality directly depends on the quality of the hospita’s
documentation. Asthisis not verifiable by the devel oped tool,
it could only be assumed that this is done correctly. As
mentioned in the previous paragraph, it is also important for
the developed system that potential reasons for, say, longer
waiting times for an appointment be evaluated. If, for example,
a difference between the radiologic diagnosis and the final
clinical diagnosisis not documented, it cannot be checked as a
potential reason for longer waiting times or unnecessary
examinations. In general, inferring conclusions from the
calculated metrics can be difficult if potential causes are not
documented. For example, if for a medical question, the ideal
radiol ogic examination would be MRI, it may not be conducted,
because it istoo expensive or enough devices are not available.
This could, for example, be further validated by comparing the
performed examination with the one recommended by clinical
guidelines (like the ones provided by the German Radiation
Protection Commission [29]). Another potentia bias in the
cal culated metrics may result from radiol ogic examinations that
are performed externally (eg, at a private medical practice). If
not properly documented, thisisamissed indicator for the need
for additional devices or employees. By combining RIS data
with additional data from the hospital in the data warehouse,

Limanetd

thetext search capabilities of the datawarehouse can potentially
be used to find information about such external examinations
in the patient’s discharge letter. Additionally, the interpretation
of the metrics could be different among different hospitals,
resulting in limitations of the comparability of the metrics
between them. Although, for example, awaiting time of afew
days for an appointment in the radiology department could be
acceptablefor one hospital, it could beinacceptable for another
one.

Conclusion

To summarize, the developed system has its main advantages
in being generic concerning the export of different RISsaswell
as concerning the configuration of queries for various reports.
To useit, the only requirement isthe ability of an RISto create
an Excel, CSV, or JSON export. This can then be imported by
creating a ssimple configuration file in Excel or as a CSV file
as well. During the import process, additional values can be
caculated by implementing several provided interfaces. If
further values should be added later, thisis easily possible with
the ability to use incremental updates. Various reports with any
combination of and restriction on the imported attributes can
then be graphically configured using PaDaWaN’sweb interface.
Finally, the results of these reports can be exported into the
standard formats Excel and CSV so that they can be easily
processed with many different tools.

The whole tool as a Docker [30] image, a sample RIS export,
and a configuration file are publicly available on PaDawaN's
website [31].

The developed tool can in the future be further enhanced by,
for example, adding the ability to calculate other numbers than
the count of patients, appointments, or examinations, such as
the average of numeric values found by a query. To improve
the presentation of the results, the current ability to create
graphics for some predefined reports can also be extended to
be configurable by a user and therefore allow for the creation
of many kinds of graphical reports.
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MRI: magnetic resonance imaging

MXQL: Medica XML Query Language
PaDaWaN: Patient Data Warehouse Navigator
RIS: radiology information system

Edited by G Eysenbach; submitted 09.08.22; peer-reviewed by A R, Y Chu, M Alarifi; comments to author 19.12.22; revised version
received 08.02.23; accepted 03.05.23; published 22.05.23

Please cite as.

Liman L, May B, Fette G, Krebs J, Puppe F

Using a Clinical Data Warehouse to Cal culate and Present Key Metricsfor the Radiology Department: I mplementation and Performance
Evaluation

JMIR Med Inform 2023;11:e41808

URL: https://medinform.jmir.org/2023/1/e41808

doi: 10.2196/41808

PMID:

©Leon Liman, Bernd May, Georg Fette, Jonathan Krebs, Frank Puppe. Originally published in IMIR Medical Informatics
(https://medinform.jmir.org), 22.05.2023. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in IMIR Medical Informatics, is properly cited. The complete
bibliographic information, alink to the original publication on https.//medinform.jmir.org/, as well as this copyright and license
information must be included.

https://medinform.jmir.org/2023/1/e41808 JMIR Med Inform 2023 | vol. 11 | e41808 | p. 19
(page number not for citation purposes)

RenderX


https://medinform.jmir.org/2023/1/e41808
http://dx.doi.org/10.2196/41808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

