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Abstract. FHIR has quickly emerged as a crucial standard for the in-
teroperability of clinical data. While FHIR supports medical imaging
through its ImagingStudy resource, the absence of openly available soft-
ware combining FHIR with DICOM limits the development of applica-
tions linking clinical and imaging data. On another front, deep learning
applied to medical imaging is becoming increasingly popular, and it is
essential to educate a broad audience about its possibilities. However,
the current lack of open, easy-to-use environments capable of execut-
ing a library of open-access models directly on DICOM images and on
a standard computer poses an issue from a pedagogical perspective. In
this paper, the Orthanc server is presented as a promising solution to
both challenges. Plugins are developed to enable Orthanc to call soft-
ware libraries written in the Java and Python programming languages.
These plugins are then used to turn Orthanc into a FHIR server using
the HAPI framework, as well as into a platform for running the infer-
ence of a deep learning model for breast imaging using either PyTorch
or Deep Java Library. The resulting source code is released as free and
open-source software, aiming to promote support for medical imaging in
FHIR, to share technological knowledge about medical interoperability
and deep learning, and to provide a test environment for the integration
of imaging data into clinical workflows.

Keywords: Medical imaging - FHIR - DICOM - Java - Python - Deep
learning.

1 Introduction

Healthcare interoperability refers to the ability of different medical systems,
software, and devices to communicate and exchange data effectively and efli-
ciently [4]. Healthcare interoperability is critical for patient-centered care and
for continuity of care because patient information is typically spread over mul-
tiple software entities, such as electronic health records, hospital information
system, laboratory information system, or pharmacy information system, pos-
sibly across different hospitals and different general practitioners. Healthcare
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interoperability is also becoming increasingly important because of the grow-
ing interest in telemedicine, in tele-expertise, in patient empowerment, and in
artificial intelligence.

Many healthcare interoperability standards have emerged over the years.
In the context of medical imaging, DICOM) (Digital Imaging and Communica-
tions in Medicine) has been the de facto international standard for the encoding,
transmission, storage, and sharing of digital images since 1985 [21]. In the typical
clinical workflow, imaging modalities create DICOM instances that are collected
on a central PACS server (Picture Archiving and Communication System), which
in turn provides features for the viewing and distribution of the collected medical
images. DICOM is adopted by any hospital in the world for the management of
digital images, and its recent DICOMweb extensions have progressively intro-
duced REST APIs (Representational State Transfer Application Programming
Interfaces) for medical imaging since the 2010s.

Thanks to the availability of DICOM as an open standard, many free and
open-source software libraries dedicated to medical imaging have been created.
When developing a desktop or a back-end application, the choice of a software li-
brary is primarily guided by the programming language used by the development
team. Java developers will typically choose dcmé4che| [28], Python developers will
use pydicom [I9], while C++ developers will rely on DCMTK]| [9]. Beyond these
general-purpose libraries that handle the DICOM file format and network pro-
tocol, specialized libraries focused on the rendering and processing of medical
images have also been developed. For instance, the C++ libraries VTK| [24] and
ITK [20] are commonly used in software applications that display and analyze
medical images. The alignment of medical images is a specific field of research,
which has led to the development of Plastimatch, also written in C++ [25]. In
radiation therapy and nuclear medicine, the Python library dicompyler| offers
a research platform dedicated to processing the DICOM RT substandard [22].
Finally, developers of deep learning applications for medical imaging commonly
rely on libraries written in Python, such as TensorFlow| [I] and PyTorch| [I5].

Besides DICOM, another healthcare interoperability standard is currently
attracting increasingly more attention. FHIR| (Fast Healthcare Interoperability
Resources) is an international, modern standard for exchanging clinical infor-
mation electronically [3]. FHIR is actively developed as an open specification by
the HL7 International organization and is released in the public domain under
the Creative Commons CCO license. The original proposal for FHIR was released
in 2011, its first draft version (referred to as DSTUL, which stands for First Draft
Standard for Trial Use) was published in 2014, and its first normative content
(called R4 — Release 4) appeared in 2019. At the time of writing, the current
version of FHIR is R5 (Release 5), which was issued in March 2023.

FHIR is based on a set of standardized resources, which represent discrete
pieces of healthcare data, such as patients, medications, allergies, or observa-
tions. These resources act as building blocks that can be combined to represent
complex clinical concepts and workflows. FHIR employs REST APIs to access
and manipulate these resources. The fact that REST APIs are widely used for
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the development of Web and mobile applications explains the growing popularity
of FHIR among software engineers. FHIR also fully embraces existing medical
terminologies such as SNOMED-CT and LOINC, which enables semantic in-
teroperability, ensuring that healthcare data is understood consistently across
different systems and organizations. The most complete implementation of the
FHIR standard is the HAPI framework| [2]. HAPI closely follows the release cycle
of the FHIR standard. It can be used as a building block to design both FHIR
clients and FHIR servers. HAPI is free and open-source software that is written
in the Java programming language.

Due to the universal adoption of DICOM by hospitals, researchers, and ven-
dors, FHIR does not attempt to introduce a new competing standard for medical
imaging. Instead, FHIR defines the ImagingStudy resource as its official method
for connecting clinical and imaging data. The ImagingStudy resource does not
store all the DICOM tag values or pixel data. Instead, it uses the DICOMweb
APT to reference DICOM entities stored on a separate PACS server. Unfortu-
nately, there is currently a lack of open, reference implementation combining
FHIR with DICOM. While public implementations of ImagingStudy do exist,
such as those found in HAPI and available in public FHIR test sandboxes, their
content is not linked to an actual DICOMweb endpoint. The availability of a
DICOM server implementing both the DICOMweb and the FHIR REST APIs
could hopefully promote the support of medical imaging in FHIR, while provid-
ing a testing environment for the development of new applications combining
clinical with imaging data.

In addition, as discussed above, a complex application that processes medi-
cal images according to standard-compliant workflows will presumably integrate
multiple programming languages to benefit from different software libraries. For
instance, adding FHIR support to a medical imaging application will likely in-
volve using Java, while deploying an artificial intelligence algorithm will likely
involve using Python. The typical software architecture therefore consists in im-
plementing multiple microservices written in different languages that operate
alongside each other, each dedicated to the handling of a part of the processing
pipeline. These services can then be encapsulated as containers and orchestrated
using technologies like Docker Swarm or Kubernetes. This approach is perfectly
adapted if creating a proprietary platform with a professional team dedicated to
its administration and maintenance. It is less suitable if developing a desktop or
back-end application that needs to be deployed in a less controlled environment
or where users have less expertise in system administration.

The contributions of this paper are threefold. Firstly, a free and open-source
PACS server supporting DICOMweb and written in C++ is extended to in-
corporate the capability of invoking plugins written in Java or Python. This
allows software integrators to choose the programming language (C++, Java, or
Python) that is best suited for calling an existing software library for medical
imaging. Python plugins are especially adapted to automate imaging workflows.
Secondly, it is demonstrated how a Java plugin can be created to integrate with
HAPI, allowing the PACS server to serve the parts of the REST API of FHIR
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related to medical imaging in addition to the DICOMweb endpoint. Because
these software modules are running in the same process, the FHIR resources are
guaranteed to remain continuously synchronized with the DICOM instances.
Thirdly, it is shown how both Java and Python plugins can execute deep learn-
ing inference directly on the DICOM instances stored by the PACS server. The
Java plugin is proven to be particularly well-suited for simplifying the deploy-
ment of deep learning models by distributing the deep learning inference engine
as a single . jar archive. The preliminary version of this paper that appeared in
the Proceedings of the 17th International Joint Conference on Biomedical Engi-
neering Systems and Technologies (BIOSTEC 2024) introduced the Java plugin
together with the FHIR server [14]. This extended version introduces the Python
plugin and the deep learning applications.

2 Background

This section reviews the various building blocks that will be combined to in-
troduce a PACS server compatible with multiple programming languages. It
successively describes the Orthanc server, the DICOM model of the real world,
the ImagingStudy resource of the FHIR standard, and the HAPI framework.

2.1 Orthanc Server

In the context of medical imaging, multiple free and open-source PACS servers
are available, such as|dcmdchee [28] and Dicoogle [8]. This work is focused on
the Orthanc PACS server, which is licensed under the GPLv3 license and is
developed in the C++ programming language [12]. Besides its native DICOM
primitives, Orthanc comes with a REST API that can be used to script imaging
workflows, which is widely used to set up auto-routing between local DICOM
servers or between remote sites. This REST API can be used to search the
content of the DICOM database and to retrieve the content of individual DICOM
resources, which will be used in this work. Orthanc has the advantage of being
lightweight, cross-platform, and extensible: Multiple Orthanc servers can run on
any computer at low cost, without necessitating any complex configuration.

Very importantly, Orthanc proposes a plugin mechanism that can be used
to extend its core features using the C language. An Orthanc plugin takes the
form of a shared library (i.e., a .so file under GNU/Linux distributions or a
DLL under Microsoft Windows). Plugins notably have full access to the REST
APT of Orthanc and can add new routes to this REST API. The fact that
Orthanc plugins can extend the REST API of Orthanc has already been used
to provide an implementation of the DICOMweb standard [12], as well as to
integrate popular Web viewers such as OHIF [30] and Kitware VolView [29]. In
this work, the extensibility of Orthanc will be utilized to seamlessly integrate
it with the Java and Python computer languages, providing a way to efficiently
design processing pipelines that can be deployed on any computer by leveraging
the small footprint of Orthanc.
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2.2 DICOM Model of the Real World

To understand the connection between DICOM and FHIR, it is essential to com-
prehend how the DICOM specification organizes the medical imaging resources.
In this so-called “DICOM model of the real world,” a patient benefits from a
sequence of imaging studies during his or her life. Each of these studies consists
of a set of series. In turn, each series is made of a set of DICOM instances that
are created by the same imaging device. An isolated DICOM instance can often
(but not always) be thought of as one 2D image slice that is associated with
a dataset providing patient-related and acquisition-related information that en-
riches the pixel data. This dataset is a tree-like structure that associates values
to standardized DICOM tags, identified by a pair of hexadecimal numbers. For
instance, a DICOM study generated by a PET-CT-scanner would typically cor-
respond to a set of two DICOM series (representing the PET volume and the CT
volume), with the two series encoded as a set of DICOM instances that contain
the individual 2D axial slices of the parent 3D volume.

Each resource in the patient/study/series/instance hierarchy is identified by
one specific DICOM tag. The patient level is identified by the value of the
“Patient ID” (0x0010,0x0020) DICOM tag, the study level by the “Study In-
stance UID” (0x0020,0x000d) tag, the series level by the “Series Instance UID”
(0x0020,0x000e) tag, and finally the instance level by the “SOP Instance UID”
(0x0008,0x0018) tag. While the UIDs (Unique IDentifiers) at the study, series,
and instance levels are assumed to be globally unique, the “ Patient ID” tag is
only locally unique within an institution, which necessitates reconciliation in
multi-centric contexts. PACS systems typically use the values of these four im-
portant DICOM tags to index the DICOM resources in a relational database.
The basic structure of the REST API of Orthanc is directly mapped on this
four-level DICOM model of the real world. The DICOMweb substandard, for its
part, organizes its REST API using only the globally unique identifiers at the
study, series, and instance levels.

2.3 FHIR for Medical Imaging

FHIR brings support for medical imaging through its ImagingStudy resource.
The ImagingStudy resource includes the globally unique identifiers of DICOM
resources, along with minimal information about their content. This allows link-
ing patient data stored in the FHIR server to a separate DICOMweb server
that is responsible for the actual storage of the medical images. Consequently,
the ImagingStudy resource can be thought of as a higher-level service on the
top of DICOMweb. ImagingStudy is associated with maturity level 4 in FHIR
R5. This maturity level indicates that ImagingStudy has been implemented in
multiple prototype projects, hereby showing a certain level of stability. Nonethe-
less, this also means that the resource has been implemented in less than five
independent production systems, or in no more than one country yet. This fact
reinforces the interest in developing an open implementation of ImagingStudy
to raise the maturity level of the associated part of the FHIR standard.
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Name Flags Card. Type Description & Constraints
ImagingStudy DomainResource A set of images produced in single study (one or more series of

references images)

Elements defined in Ancestors: id, meta, implicitRules,

language, text, contained, extension, modifierExtension

- (7)) identifier z 0.*  Identifier Identifiers for the whole study
status 2! 1.1 code registered | available | cancelled | entered-in-error | unknown
z Binding: Imaging Study Status (Required)
- () modality z @ CodeableConcept All of the distinct values for series' modalities

Binding: Modality 4 (Extensible)

.. [ subject b 1.1 Reference(Patient | Device | Group) Who or what is the subject of the study
o [4 referrer z 0.1  Reference(Practitioner | Referring physician
PractitionerRole)
. (4 endpoint z 0.* Reference(Endpoint) Study access endpoint
- I_| numberOfSeries Xz 0.1 unsignedInt Number of Study Related Series
|| numberOfInstances I 0.1 unsignedInt Number of Study Related Instances
description z 0.1 string Institution-generated description

Fig. 1. Excerpt of the main structure of the ImagingStudy resource in FHIR R5 (Figure
from [14]). For each field in the resource, the “Card.” column indicates its cardinality,
and the “Type” column indicates the data type of its values. Fields whose minimum
cardinality is 1 are mandatory. This is a screenshot of the official specification of FHIR
available at: https://hl7.org/fhir/R5/ImagingStudy.html.

The main content of the ImagingStudy resource is depicted in Figure[l} One
instance of this FHIR resource corresponds to one DICOM study. To create the
link between the ImagingStudy resource and its associated DICOM study, the
identifier field of the FHIR resource must contain the value of the “Study
Instance UID” DICOM tag. This is because FHIR does not store the images,
but rather pointers to DICOM resources. The DICOM resources themselves
must be stored in a separate DICOMweb-compliant server, the address of which
must be provided in the endpoint field. The latter field contains a reference
to a separate Endpoint FHIR resource that specifies the connection parameters
to the DICOMweb server, including its URL. If needed, the referenced DICOM
instances can be retrieved or rendered using the DICOMweb WADO-RY]service
offered by the DICOMweb endpoint. Most existing public sandboxes for FHIR
do not contain a working endpoint field, which prevents access to the content
of the DICOM studies that are indexed by the ImagingStudy resources.

As can be seen in Figure [1} besides the Endpoint and ImagingStudy re-
sources, a FHIR server for medical imaging must also support the Patient re-
source, because the subject field is mandatory and must contain a reference to
the patient who is associated with the DICOM study. Consequently, similarly
to the one-to-one relation that exists between a FHIR ImagingStudy and a DI-

! The WADO acronym stands for “ Web Access to DICOM Objects,” while RS stands
for “ RESTful Service.”
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=} series z 0..* BackboneElement Each study has one or more series of instances

uid z 1.1 id DICOM Series Instance UID for the series
number z 0..1 unsignedInt Numeric identifier of this series

i~ [_}) modality z 11l CodeableConcept The modality used for this series

Binding: Modality L’(E\tens\ble)

description z 0..1 string A short human readable summary of the series
numberOfInstances X 0..1 unsignedInt Number of Series Related Instances

=Y instance 0..* BackboneElement A single SOP instance from the series

uid 1.1 id DICOM SOP Instance UID
) sopClass 1.1 Coding DICOM class type
; Binding: sopClass [£ (Extensible)
| number 0..1 unsignedInt The number of this instance in the series
Lo title 0..1 string Description of instance

Fig. 2. Excerpt of the information to be provided in the ImagingStudy for each of
its associated DICOM series (Figure from [14]). This screenshot is the continuation of
Figure [ in the FHIR standard.

COM study, there exists a mapping between a Patient FHIR resource and a
DICOM patient.

In addition to the patients and to the studies, FHIR for medical imaging
also provides pointers to both the DICOM series and the DICOM instances. To
this end, the ImagingStudy resource contains a field named series, as shown
in Figure 2] This field stores an array, each item of which declares one DICOM
series whose “Series Instance UID” DICOM tag is contained in the uid subfield.
In turn, each item in the series field contains a subarray called instance that
provides the list of the DICOM instances of the parent series, in which the
uid subfield indicates the “SOP Instance UID” DICOM tag of the individual
instances. This means that, contrary to DICOM studies that are mapped as
separate ImagingStudy resources, FHIR does not encode DICOM series and
DICOM instances as standalone resources: The series or instance information
can only be retrieved by accessing their parent study.

Figure [3] summarizes the relations between the DICOM and FHIR models
of the real world. As can be observed in this figure, careful attention must be
given to continuously updating FHIR resources, as the content of the FHIR
server needs to be updated each time a new instance is added to or deleted
from the DICOMweb server. This requires robust communication mechanisms
between these two servers. In this work, we will adopt an approach where the
ImagingStudy FHIR resources are not explicitly stored but are generated on-
the-fly as needed by querying the content of the Orthanc server.

Previous research work about the ImagingStudy resource has consisted in
providing static databases as pedagogical resources to learn FHIR for medi-
cal imaging [I1], in deploying a multi-site infrastructure dedicated to pediatric
scoliosis [26], in collecting radiation dose information [5], and in implementing
complex clinical imaging workflows [27]. However, to the best of our knowledge,
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DICOM - Hierarchy of 4 levels FHIR - Set of 2 standalone resources

Patient q
[ Patient 1D (0010,0020) J [ Patient ]

P — \;\x\“\~; N\ aK
\
Study Study \
Study Instance UID Study Instance UID “subject”

(0020,000d) (0020,000d) / reference AN

— \
— < \
¥ T
Series Series \
Series Instance UID Series Instance UID > ImagingStudy ImagingStudy
(0020,000e) (0020,000e)

The series and instances are
embedded inside “ImagingStudy”
(no separate resource)

Instance (image) Instance (image)
SOP Instance UID SOP Instance UID
(0008,0018) (0008,0018)

Fig. 3. Comparison between the DICOM and FHIR models of the real world.

no free and open-source PACS server can currently act as a standalone FHIR
server that transparently, automatically synchronizes with the DICOM resources
it publishes using DICOMweb.

2.4 HAPI Framework

As explained in the Introduction, the HAPI framework proposes an implemen-
tation of the FHIR standard in the Java programming language. The HAPI
framework can be used either as a software library for creating FHIR clients
and servers, or as a fully-fledged FHIR server. Importantly, HAPI supports the
ImagingStudy resource that is needed to implement medical imaging in FHIR.
HAPI is licensed under the Apache Software License 2.0.

More precisely, when it comes to designing a FHIR server, the HAPI frame-
work can be used in two distinct ways. On the one hand, the HAPI project pro-
vides the so-called “HAPI Plain Server” as a software library that can be used
to create custom FHIR endpoints against arbitrary data sources. On the other
hand, the “HAPI JPA Server” is a fully standalone application that incorporates
JPA (Java Persistence API) to store and retrieve FHIR resources in a relational
database such as PostgreSQL. This paper will focus on the combination of the
HAPI framework with the Orthanc server to provide a tight integration between
FHIR and DICOM.

3 Methods

In this section, the software architecture that is used to create Java and Python
plugins for Orthanc is first introduced. Then, the integration between Orthanc
and HAPI is described.
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3.1 Wrapping the Orthanc SDK in Java and Python

The Orthanc plugin SDK (Software Development Kit) proposes a large library
of functions declared in a plain C header that can be used to invoke the various
primitives implemented by the Orthanc core. For instance, the Orthanc plugin
SDK allows registering callbacks to process incoming HTTP requests, which can
be used to extend the built-in REST API of Orthanc. The SDK can also make
internal calls to the built-in REST API, enabling a wide variety of operations.
Consequently, it is essential for the Java and Python plugins to be able to call
these native functions implemented by the Orthanc runtime.

To this end, this work introduces different Python scripts to automatically
wrap the Orthanc plugin SDK as a collection of Java and Python classes. The
first Python script analyzes the content of the OrthancCPlugin.h header that
defines the Orthanc plugin SDK, then creates a code model that is saved in
the JSON file format. This script detects all the global functions that are part
of the Orthanc SDK and analyzes their signature. In addition, it automatically
discovers the native objects that are published by the Orthanc core (such as DI-
COM instances, images, or responses to REST requests) and that are managed
through C global functions defining their methods, constructors, and destruc-
tors. The resulting code model also contains the documentation. This analysis
is achieved using the 1ibclang library that is part of the LLVM project [16].

Once the code model is extracted, additional Python scripts are used to gener-
ate language-specific wrappers around the native global functions of the Orthanc
SDK. These Python scripts depend upon the target language and take the code
model as their input. If targeting Java, one separate .java class file is gener-
ated to encapsulate each native Orthanc object, and a separate Functions. java
class contains the wrappers around the remaining global functions that do not
manage objects. The generation script automatically converts the C data types
to their corresponding Java equivalents. Each generated Java class belongs to
the be.uclouvain.orthanc package and is enriched with a Javadoc-compliant
documentation. All the wrapped methods are tagged using the native Java
keyword, which indicates that the actual implementation of the method is not
provided in Java. A separate Python script generates a single, large C++ source
file called NativeSDK.cpp that contains the implementation of each of those
native methods. This C+-+ code is responsible for first reading the content of
the Java objects passed as arguments through JNI (Java Native Interface), then
calling the concrete implementation provided by the Orthanc plugin SDK, and
finally converting the possibly resulting C value as a Java data type (which may
involve the creation of a Java wrapper around an object managed by Orthanc).

Another Python script has been developed based on the same principle if
targeting the Python language. In the case of Python, there is no equivalent
to the native keyword and it is not necessary to explicitly create standalone
.py files. Indeed, the Python C API library (often referred to as libpython)
provides the functionality for defining new Python classes and modules directly
from C or C++ code. Therefore, our generation script takes the code model and
produces a single C++ source file. This file first registers all the classes, methods,
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%

JY

)

//J JAVA @ PY

1ibcl r"" \/ Java and Python classes
HSEREIS calling the native wrapper

JSON

\\

Orthanc plugin SDK Code model T
(header in the C language) =

Native wrapper calling the
Orthanc SDK runtime
through JNI or 1ibpython

Fig. 4. Mapping the Orthanc SDK in the Java and Python languages. Python classes
are not explicitly stored as standalone files but are directly registered using libpython.

and global functions in a Python module named orthanc, and then associates
each of them with a C++ native function. As in the case of Java, these native
functions are in charge of reading the content of the Python objects passed as
arguments through 1ibpython, of calling the corresponding C primitives in the
Orthanc SDK, and possibly of creating a result value as a Python object using
libpython (again, this last step may involve the creation of a Python wrapper
around an Orthanc object). One separate Python file called orthanc.pyi is also
generated, which is a Python interface providing documentation and type hints
for static type checking and auto-completion in an IDE (Integrated Development
Environment).

The global generation process is represented in Figure [4 Thanks to this
automated mechanism, 122 functions from the Orthanc plugin SDK are auto-
matically wrapped in the Java and Python languages, out of a total of 165 prim-
itives available in Orthanc 1.10.0. This represents a coverage of about 74%. No
human intervention is required, which would have been highly time-consuming
and error-prone, especially when keeping up with new releases of the Orthanc
SDK. Note that the extracted code model could be used to wrap the Orthanc
plugin SDK in other programming languages beyond Java and Python.

The primitives that are not automatically wrapped mostly correspond to
the registration of callbacks, which requires a manual implementation due to
their language-specific nature. The most important example of a callback corre-
sponds to the handling of HTTP requests received by the Web server of Orthanc,
which can be used to add new routes in the REST API. Another example is the
callback that is triggered when specific events occur in the Orthanc server, for in-
stance when Orthanc starts or stops, or when a new DICOM instance is received.
To deal with such situations, the Java and Python plugins register internal C
functions as native callbacks using the Orthanc plugin SDK. Once one of these
callback functions is invoked by the core of Orthanc, it uses either the JNI or
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libpython to call the corresponding Java callable or Python handler that were
registered by the user.

The C++ code that is generated either for Java or Python is linked as a
shared library that can be loaded as a plugin for Orthanc, as explained in Sec-
tion This shared library also contains code for configuring the plugin and
for starting either a Java virtual machine (using JNI) or an embedded Python
interpreter (using libpython). In the case of Java, the configuration specifies
a user-defined Java class that is included in the Java classpath, enabling this
class to install the Java callables that will handle the various events processed
by Orthanc. Likewise, in Python, the configuration provides the filesystem path
to a user-defined Python script that is responsible for registering handlers.

3.2 Integrating Orthanc and HAPI

This section describes how FHIR support can be added to Orthanc by integrat-
ing HAPL. Figure [ depicts three possible high-level architectures to combine
HAPI with Orthanc. The first architecture consists in executing the standalone
HAPI JPA Server next to the Orthanc server, in two separate processes. In this
architecture, a third process is used to continuously synchronize the content of
the HAPI JPA server with Orthanc. To this end, the synchronization process
monitors the addition and removal of DICOM resources using the REST API
of Orthanc, and replicates the detected modifications in the HAPI JPA Server.
In this architecture, the FHIR and DICOM databases are kept separate, which
results in a substantial risk of de-synchronization between the two servers, and
which requires a specific infrastructure dedicated to the execution of the JPA-
compliant database.

The second possible architecture consists in replacing the standalone HAPI
JPA Server by the HAPI Plain Server software library. In this architecture, a
custom HAPI Plain Server is deployed in a standalone Java servlet container
and acts as a facade in front of the Orthanc server. This facade is responsible
for generating the ImagingStudy and Patient FHIR resources after querying
the REST API of Orthanc. This solution has the great advantage of using a
single database that is shared by the FHIR and DICOM servers. However, this
architecture implies the deployment of two distinct processes and two distinct
Web servers (one for the servlet container, and one for Orthanc), which keeps
the setup slightly complex, especially when it comes to the mapping of the
DICOMweb API.

Consequently, this work focuses on a third architecture, in which a HAPI
Plain Server is directly branched into the Web server of Orthanc. In this ar-
chitecture, Orthanc acts similarly to a Java servlet container, by redirecting all
the FHIR requests to the HAPI framework. This architecture offers the advan-
tage of requiring a single database and a single process, which further simplifies
the setup, and of providing consistent access to both FHIR resources and DI-
COMweb routes, as only a single Web server is involved. The technical challenge
with this third architecture is that Orthanc is developed in C++, while HAPI
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Process 1 Process 3
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(b)
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(c)

Fig. 5. Three possible architectures to integrate the Orthanc server with the HAPI
framework: (a) continuous synchronization between Orthanc and the HAPI JPA Server,
(b) custom HAPI Plain Server with a data source corresponding to Orthanc, or (c)
branching HAPI Plain Server as a plugin to Orthanc (Figure from [14]).

is written in Java, necessitating the creation of a bridge between these two lan-
guages. The solution is to utilize the Java plugin presented in Section [3.1] to
enable the use of the HAPI Plain Server library directly within Orthanc.
Nonetheless, the HAPI Plain Server library is based on the Java servlets
API, which does not directly align with the primitives offered by the Orthanc
plugin SDK. This compatibility issue is addressed by utilizing the two standard
classes MockHttpServletRequest and MockHttpServletResponse provided by
the Spring Framework. These two classes can be used to turn the Web server of
Orthanc into a servlet container: Whenever an HTTP request must be handled
by the Java callable, an instance of the MockHttpServletRequest class is filled
with the parameters of the HTTP request and is sent to the Java servlet. In
return, the Java servlet fills a MockHttpServletResponse whose content can be
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ORTHJANC =  [ci+pugin| o R
cJ < Machine |

|
|
|
|
|
3
Java Native Interface Servlet adapter written in Java

Fig. 6. Integration between Orthanc and HAPI Plain Server. The arrow pointing to the
right (resp. to the left) in the servlet adapter corresponds to Java objects of the class
MockHttpServletRequest (resp. MockHttpServletResponse) of the Spring framework.

unwrapped and sent back to the client through the Orthanc Web server. By
default, the HAPI Plain Server servlet is branched at the root path /fhir/ in
the REST API of Orthanc. This integration is depicted on Figure [6] It will be
referred to as the “FHIR plugin for Orthanc,” although it is a slight misuse of
language, as this integration actually involves executing user-defined Java code
that utilizes the HAPI Plain Server library within the environment provided by
the Java plugin for Orthanc.

The last step to bring FHIR to Orthanc consists in implementing read-only
HAPI providers that are responsible to retrieve and search the ImagingStudy,
Patient, and Endpoint FHIR resources. To retrieve resources, the FHIR plugin
implements the IResourceProvider interface, as defined by the HAPI Plain
Server library, for each of those categories of resources. The Endpoint resource
simply declares the address of the DICOMweb plugin, which is a purely static
behavior that does not require querying the content of the Orthanc database. As
far as the ImagingStudy (resp. Patient) resources are concerned, the content of
an individual DICOM study (resp. DICOM patient) with identifier id can be re-
trieved by issuing a GET request to the /studies/{id} (resp. /patients/{id})
route in the built-in REST API of Orthanc. This route returns a JSON object
whose content can easily be converted as an ImagingStudy (resp. Patient) Java
object, as expected by the HAPI framework.

Searching over the ImagingStudy and Patient FHIR resources is imple-
mented by issuing POST requests to the /tools/find route of the built-in
REST API of Orthanc. This route executes a lookup operation on the Orthanc
database, which can be filtered by specifying values for selected DICOM tags.
These constraints can directly be derived from the parameters of the FHIR
query. The route answers with a JSON array that contains the matching re-
sources, which are converted into the List<ImagingStudy> and List<Patient>
Java objects that are expected by the HAPI framework.

4 Results

Section [3.2] explained how the HAPI framework can be integrated as a plugin
to Orthanc, which provides a working, free and open-source implementation of
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a FHIR server for medical imaging that is tightly coupled with a PACS server.
This integration leverages another key deliverable of this research work described
in Section 3.1} namely the ability to create plugins for Orthanc that can use the
Java and Python programming languages. Some examples of Java and Python
plugins, as well as an interaction with the FHIR server plugin for Orthanc, are
now discussed. This section concludes with an application of the Java and Python
plugins to deep learning for breast imaging.

4.1 Using dcm4che in Orthanc

The dcmé4che project was previously mentioned as a highly popular software
library that provides an implementation of the DICOM standard in Java. This
contrasts with Orthanc that internally uses the DCMTK library written in C++.
The new Java plugin for Orthanc can be used to complement DCMTK with
dcm4che, allowing it to benefit from the respective strengths of these two software
libraries inside the Orthanc ecosystem. Depending on their technical background,
a software developer might also find it easier to develop a DICOM pipeline as a
Java plugin rather than as a C++ plugin.

As an illustration, Figure[7]shows a sample Java plugin that uses the dcm4che
library. The configuration file of Orthanc must specify both the classpath for the
Java virtual machine (which must contain the .jar archive providing dcmé4che
and the bytecode of the user-defined Main class), and the name of the main Java
class whose static method will be executed during the initialization of the plu-
gin (in this case, Main). In this sample plugin, the static method registers a new
route in the REST API of Orthanc using the method Callbacks.register()
that is manually implemented in the Java plugin. Whenever an HTTP request
is triggered against the /dcmé4che-parse route, the custom Java callable is in-
voked. Inside the Java callable, the body of incoming HTTP POST requests is
parsed as a DICOM instance using dcm4che. On success, the client receives the
dump of the DICOM dataset, as generated by dcméche.

4.2 FHIR Server in Orthanc

Starting the FHIR server plugin for Orthanc simply consists in writing a con-
figuration file that loads the Java classes of the FHIR plugin for Orthanc to-
gether with the Java classes of the HAPI framework. A single precompiled . jar
archive that bundles all the required dependencies is freely available for down-
load on the Orthanc official homepage. This package is generated by Maven and
its maven-assembly-plugin plugin. As soon as Orthanc is running, its FHIR
server is accessible at default URL: http://localhost:8042/fthir/. FHIR clients
can access the content of Orthanc using this URL. The Endpoint resource
of the FHIR server is automatically mapped to the route of the DICOMweb
server of Orthanc, whose default location corresponds to: http://localhost:8042/
dicom-web/studies. This means that only one single Web server is running at
any time, with this Web server being shared by the REST API of Orthanc, by
the DICOMweb endpoint, and by a HAPI Plain Server.
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/**x

* This plugin can be triggered from the command line as follows:

* $§ curl http://localhost:8042/dcméche-parse -X POST --data-binary @sample.dcm
**/

import org.dcm4che3.data.Attributes;
import org.dcm4che3.io.DicomInputStream;

public class Main {
static {
Callbacks.register ("/dcm4che-parse", new Callbacks.OnRestRequest () {

@Override

public void call(RestOutput output,
HttpMethod method,
String uri,
String[] regularExpressionGroups,
Map<String, String> headers,
Map<String, String> getParameters,
byte [l body) {

if (method != HttpMethod.POST) {
output.sendMethodNotAllowed ("POST"); // Answer with HTTP status 405
} else {

ByteArrayInputStream stream = new ByteArrayInputStream(body);

try (DicomInputStream din = new DicomInputStream(stream)) {
Attributes dataset = din.readDataset ();
output.answerBuffer (dataset.toString().getBytes (), "text/plain");

} catch (IOException e) {
output .sendHttpStatus ((short) 400, "Cannot parse DICOM
file\n".getBytes());

DM

Fig. 7. Example of a Java plugin for Orthanc that uses dcm4che to dump the content
of a DICOM file provided in the body of a POST request (Figure adapted from [I4]).

As an illustration, Figure [§] shows an interactive session in which the FHIR
server plugin for Orthanc answers queries issued by the FHIRPACK client. Im-
portantly, the reported FHIR resources (i.e., Patient and ImagingStudy) are
generated on-the-fly using a HAPI Plain Server, directly from the DICOM re-
sources that are stored by Orthanc: No separate database dedicated to FHIR re-
sources is used, and all the information is extracted from the Orthanc database.
This ensures that the DICOMweb and the FHIR views of the content of the
Orthanc server are always perfectly synchronized.

4.3 Using pydicom in Orthanc

The pydicom library is the Python equivalent to dcm4che and DCMTK. Just
like dcmé4che can be accessed from Orthanc through the Java plugin, pydicom is
readily available through the Python plugin. Many end users will find it natural
to implement custom pipelines as Python plugins for Orthanc, since this ap-
proach does not require the use of a compiler, which contrasts with the C, C++,
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s fp -5 http://localhost:8042/fhir -0 "getPatients" -p all -o "gatherSimplePaths id name.family birthDate"

Q fYET5.0 [COMUNIX] 1941-09-01
1 5YpOE [BRAINIX] 1949-03-01
2 Vafk,T,6 [PHENIX] 1991-01-01
3 SOtNwu [INCISIX] None
4 0zp00OSjY2xG [KNIX] Nene
5 vAD7q3 [VIX] Nene

$ fp -s http://localhost:8042/fhir -o "getImagingStudies” -p all -o \
“gathersimplePaths identifier.value subject.reference description number0fSeries numberOfInstances"

identifier.value subject.reference description numberofSeries numberofInstances
@ [urn:o0id:2.16.840.1.113669.632.20... Patient/vAD7q3 Pied_cheville UHR (Adulte) 1 250
1 [urn:o0id:2.16.840.1.113669.632.20... Patient/5Yp@E IRM cérébrale, neuro-crane 7 232
2 [urn:0id:2.16.840.1.113669.632.20... Patient/Vafk,T,6 CT2 téte, face, sinus 3 723
3 [urn:oid:1.2.840.113745.101000.10... Patient/fYET5.0 Neck*1HEAD_NECK PETCT 2 166
4 [urn:oid:1.2.840.113619.2.176.202... Patient/ozp005jY2xG Knee (R) 6 135
5 [urn:o0id:2.16.840.1.113669.632.20... Patient/SOthwu Téte~Dental (Adulte) 1 166

Fig. 8. Sample interactive session of the FHIRPACK client against an Orthanc server
that contains sample DICOM studies provided by the OsiriX project [23] (Figure
adapted from [I4]). The first request lists the Patient FHIR resources, while the second
lists the ImagingStudy FHIR resources.

and Java plugins for Orthanc. The Python source code in Figure [] implements
the same behavior as the Java source code of Figure [7] substituting dcm4che
by pydicom. Moreover, the Python source code can access any module that is
installed in the Python environment. For instance, the sample code of Figure [T0]
shows how to combine Orthanc with PIL (Python Imaging Library) to generate
thumbnails of DICOM instances stored in the Orthanc database.

4.4 Deep Learning for Breast Imaging

The previous section has indicated that any Python library can be invoked from
Orthanc through the Python plugin. This evidently includes Python libraries
for deep learning such as TensorFlow and PyTorch. This capability has very
recently been exploited to create a platform integrated into Orthanc for the au-
tomated detection of masses on mammograms [7]. A RetinaNet model [18] based
on a ResNet-50 backbone [10] was trained on the CBIS-DDSM ( Curated Breast
Imaging Subset) dataset [I7] to detect the bounding boxes of breast masses.
The trained model offers detection performance in line with the state-of-the-art
on the CBIS-DDSM dataset. The Python plugin for Orthanc described in Sec-
tion [3.1] of this work was then used to invoke PyTorch for performing inference
with the trained model on the DICOM instances stored in the Orthanc database.
The output bounding boxes were then encoded as standard-compliant DICOM-
SR (Structured Report) instances using the highdicom Python library [6]. These
DICOM-SR instances were stored into Orthanc next to the input DICOM mam-
mograms. Finally, the Stone Web viewer [13] was specifically extended to render
such DICOM-SR instances on the top of the mammograms.

Even though this workflow using the Python plugin for Orthanc is perfectly
functional, it requires the installation of a heavyweight Python virtual environ-
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# This plugin can be triggered from the command line as follows:
# $ curl http://localhost:8042/pydicom-parse -X POST --data-binary @sample.dcm

import io
import orthanc
import pydicom

def Parselnstance (output: orthanc.HttpMethod, uri: str, **request):
if request[’method’] != ’POST’:
output.SendMethodNotAllowed (’POST’) # Answer with HTTP status 405
else:
stream = io.BytesIO(request[’body’])
dicom = pydicom.dcmread(stream)
output.AnswerBuffer (str(dicom), ’text/plain’)

orthanc.RegisterRestCallback(’/pydicom-parse’, Parselnstance)

Fig. 9. Example of a Python plugin for Orthanc that uses pydicom to dump the content
of a DICOM file. This offers the same functionality as the Java sample code of Figure[7]

# This plugin can be triggered from the command line as follows:

# $ curl http://localhost:8042/thumbnail/19816330-cb02elcf-df3a8fe8-bf510623-ccefe9fs

import PIL.Image
import io
import orthanc

def CreateThumbnail (output: orthanc.HttpMethod, uri: str, #*xrequest):
if request[’method’] == ’GET’:
# Retrieve the instance ID from the regular expression (x)
instanceld = request[’groups’][0]

# Render the instance, then open it in Python using PIL/Pillow
png = orthanc.RestApiGet(’/instances/%s/rendered’ ¥ instanceld)
image = PIL.Image.open(io.BytesIO(png))

# Downsize the image as a 64x64 thumbnail
image.thumbnail ((64, 64), PIL.Image.ANTIALIAS)

# Save the thumbnail as a JPEG image, then send the buffer to the caller
jpeg = io.BytesIO()

image.save (jpeg, format = ’>JPEG’, quality = 80)

jpeg.seek (0)

output.AnswerBuffer (jpeg.read(), ’image/jpeg’)

else:
output .SendMethodNotAllowed (’GET’)

orthanc.RegisterRestCallback(’/thumbnail/(.*)’, CreateThumbnail) # (x)

Fig. 10. Sample Python plugin that generates the thumbnail of a DICOM instance
stored in the Orthanc database using the PIL module. The identifier of the DICOM

instance of interest must be part of the URL.
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ment that includes numerous third-party dependencies and whose proper setup
may pose challenges for end users. But the Java ecosystem includes the Deep Java,
Library (DJL), a free and open-source deep learning framework that simplifies
the development and deployment of machine learning models in Java applica-
tions. Moreover, unlike Python virtual environments, Java allows the bundling
of all the third-party dependencies into a single, durable, cross-platform .jar
archive, which enhances the portability of the runtime environment for deep
learning inference. These elements position Java as an interesting alternative
to Python when deep learning models need to be integrated into Orthanc and
deployed for inference to a broad audience.

In this work, the same RetinaNet model that was trained using Python was
exported as a TorchScript, a serialization format for PyTorch models suitable
for various runtime environments. Models serialized with TorchScript can read-
ily be imported by the Deep Java Library. Thanks to this approach, the Java
plugin for Orthanc can in theory immediately replace the Python plugin to
perform inference of the exported RetinaNet model on DICOM instances man-
aged by Orthanc. However, certain components of the RetinaNet architecture,
such as the non-maximum suppression step, cannot be exported as a Torch-
Script. This posed a significant technical challenge, necessitating a manual re-
implementation of these components to fully restore the functionality of the
RetinaNet model in Java. Furthermore, given the absence of a Java library that
offers features like highdicom, the generation of the DICOM-SR instances had
to be re-implemented from scratch in the Java language.

Figure [11] depicts the resulting user interface, which is identical to that of
the original Python plugin [7]. However, the deployment of the Java plugin is
now straightforward for the end user: It is sufficient to download one single . jar
archive and to load it using the Java plugin for Orthanc. Thanks to the lightness
of Orthanc, this shows that deep learning models can easily be executed on any
computer equipped with a Java virtual machine.

4.5 Software Availability

All the contributions of this paper are released as free and open-source software.
The source code of the Java plugin for Orthanc and of its sample codes is avail-
able under the GPLv3 license, which matches the license of the Orthanc server,
at: https://orthanc.uclouvain.be/hg/orthanc-java/. This amounts to more than
10,000 lines of code, as reported by the cloc command-line tool, indicating
its complexity. Technical documentation and additional examples are available
in the |Orthanc Book, the official documentation of the Orthanc project. The
weights of the deep learning model for the detection of masses on mammograms
are available as open data as well. The source code of the Python plugin for
Orthanc and its sample codes, which also contains more than 10,000 lines of
code, is available under the AGPLv3 license at: https://orthanc.uclouvain.be/
hg/orthanc-python/. Extensive technical documentation and examples can be
found in the Orthanc Book. Finally, note that the |official download site| of the
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ORTHIANC

DICOM Tags

Meta header

Fig. 11. Mammography inference integrated within the Orthanc ecosystem using the
Java plugin. Left: The user selects a DICOM instance in the built-in user interface
of Orthanc, and executes the inference by clicking on a button. Right: This operation
generates a standard DICOM-SR instance that can be displayed using the Stone Web
viewer. This figure is identical to the one presented in the recent paper that executed
inference of the RetinaNet model using the Python plugin [7], as both the Python and
Java plugins share equivalent features.

Orthanc project provides precompiled binaries and installers for both the Java
plugin and the Python plugin.

5 Conclusions

This paper presents several technical contributions. Firstly, it explains how plug-
ins extending the core features of the Orthanc server can be developed using the
Java and Python programming languages. These languages enable users unfamil-
iar with C++ to create Orthanc plugins implementing specific DICOM pipelines
and leveraging popular libraries for medical imaging and image processing. Sec-
ondly, a framework to deploy a FHIR server for medical imaging alongside a
DICOMweb server is introduced by integrating Orthanc with HAPI through the
Java plugin. The resulting architecture is lightweight, easy to deploy, and ro-
bust, ensuring the continuous synchronization of FHIR and DICOM resources.
Thirdly, this paper demonstrates that the Java plugin for Orthanc represents
an attractive solution to deploy pre-trained deep learning models for medical
imaging to a broad audience.

All contributions in this paper are released as free and open-source software,
in the hope to raise the maturity level of the ImagingStudy FHIR resource and
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to promote the deployment of open deep learning models for medical imaging
that could be used in academic contexts and in emerging economies. Future work
includes the development of a pedagogical platform for teaching the principles
of modern health interoperability in medical imaging. Thanks to the code model
that encapsulates the primitives of the Orthanc plugin SDK, plugins could also
be developed for additional programming languages like C#, Go, or Rust. More-
over, the main limitation of the designed FHIR server is that it currently only
implements the ImagingStudy, Patient, and Endpoint FHIR resources in a
read-only mode. From this perspective, it would be particularly interesting to
enrich the FHIR plugin for Orthanc by creating a bridge between DICOM work-
lists and FHIR using the Task and ServiceRequest resources. Finally, the value
of FHIR for artificial intelligence and for integrating multi-modal data sources
including clinical, imaging, and multi-omics data will continue to be explored.
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