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ABSTRACT

The rendering and printing of 3D models of anatomical structures
offers a wide range of promising applications in multiple medical
disciplines, in the training of medical students, as well as in patient
education. The growing use of such 3D models in the clinical rou-
tine will soon imply great challenges in terms of data management,
data archiving, and data exchange, since the commonplace file for-
mats for 3D printing are not designed to store medical information,
or to refer to other medical resources. This paper explores the use
of the DICOM standard so that 3D models can be stored alongside
standard medical images, inside a unified hospital information sys-
tem, with full medical traceability and technical interoperability. A
free and open-source software pipeline is introduced to generate
3D models either from binary bitmap volumes that were produced
by artificial intelligence algorithms, or from contours that were
manually delineated by physicians, then to encapsulate the gen-
erated models as DICOM instances. Our pipeline also features a
lightweight Web viewer that is suitable for rendering DICOM STL
instances by any Web browser. The results demonstrate the ef-
fectiveness of the proposed approach, highlighting successful 3D
model generation and printing.
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1 INTRODUCTION

3D printing has increasingly become an important topic in health
informatics due to its ability to translate 3D data generated by medi-
cal imaging modalities, such as CT-scans, into physical objects. This
technology notably enables healthcare professionals to enhance
their understanding and visualization of personalized anatomical
structures, with applications to surgical planning and simulation,
as well as patients to better understand diagnoses, treatment plans,
and potential outcomes in a more understandable and tangible
way, fostering patient engagement and informed decision-making.
3D-printed anatomical models also serve as valuable educational
tools for medical students and trainees. They offer a hands-on and
realistic learning experience, allowing students to better under-
stand human anatomy and various pathologies, which can lead to
improved medical training and ultimately to better patient care.

The effectiveness of 3D printing in preoperative planning and
surgical training has been extensively studied [12, 23]. Noteworthy
applications include spine surgery [7], orthognathic surgery [17],
endodontics [28], and treatment planning for spine and sacral tu-
mors [20]. Very importantly, 3D printing enables the fabrication of
customized implants and prosthetics tailored to individual patients.
These patient-specific devices offer a better fit, reduced chances
of rejection, and improved functionality compared to traditional,
off-the-shelf solutions [24].

Patient education is another area where 3D printing demon-
strates benefits in contexts such as general hospital care [9], derma-
tology [40], chronic diseases [4], oncology [11, 25], or surgery [16].
It has been shown that patient education not only enhances the
quality of care and patient satisfaction but also improves compli-
ance, staff satisfaction, and resources utilization [1, 5, 34]. Advance-
ments in technology have opened possibilities to include virtual
reality [32] and 3D printing [3]. Patient education through 3D
printing has proven effective in various conditions, such as cardiac
surgery [26, 31], degenerative lumbar disease [39], prostate can-
cer [33], renal tumors [6], hepatic tumors [38], and even Parkinson
disease [2].

The generation of 3D models from medical images has tradition-
ally been a tedious and time-consuming process. However, recent
advancements in deep learning-based methods [38], especially in
the automated segmentation of organs [8, 29], have the potential
to facilitate the generation of 3D models in clinical environments.
For instance, the generalist model TotalSegmentator can automat-
ically segment up to 104 different anatomical structures on a 3D
CT-scan [35]. Such automated algorithms for organ segmentation
represent an extremely important evolution that will soon lead to a
major increase in the use of 3D printing in hospitals.
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Unfortunately, the use of 3D models generated from medical
images is nowadays not well integrated inside the clinical work-
flow. This is notably visible in the fields of dentistry and orthodon-
tics, where 3D models of dental implants are most often stored
as standalone STL files on ad-hoc systems that are distinct from
the Picture Archiving and Communication System (PACS) of the
hospital. Moreover, STL files merely contain a list of 3D triangle
facets that describe a 3D mesh. As a consequence, STL files convey
no information about the patient, nor reference the medical images
from which they were derived, which implies a lack of medical
traceability.

For this reason, Release 2018a of the Digital Imaging and Com-
munications in Medicine (DICOM) standard included Supplement
205 entitled “DICOM Encapsulation of STL Models for 3D Manufac-
turing.” This supplement specifies how to embed a STL file inside
a DICOM envelope, completing the raw 3D model with patient
metadata and links to the referenced medical images. Moreover, the
resulting DICOM instances can be ingested by any regular PACS,
which consolidates the storage systems, hereby reducing costs and
maintenance. Nevertheless, the DICOM STL standard is not widely
adopted by hospitals and by PACS vendors yet. Therefore, even if
any modern PACS will accept to store such DICOM STL images,
few will render them. There is also a lack of sample files, which
strongly calls for an open infrastructure to share knowledge about
this standard, to the benefit of hospitals, manufacturers, and re-
searchers.

In this paper, we propose a full software pipeline for the gen-
eration, visualization, communication, archiving, and printing of
DICOM-compliant 3D models generated from medical images. In
our pipeline, the 3D models of anatomical structures can either be
automatically derived from DICOM RT-STRUCT instances, that en-
code the contours of organs at risk in radiotherapy treatment plans,
or from binary volumes encoded as NIfTI files, that come from
automated tools such as TotalSegmentator. The resulting DICOM
3D models can be displayed using a lightweight Web viewer that is
compatible with any Web browser and can be exchanged with other
DICOM-compliant systems. Our infrastructure is fully integrated as
a plugin to the free and open-source Orthanc ecosystem for medical
imaging [15]. Such an open infrastructure can hopefully promote
the adoption of DICOM STL by hospitals as an important path to
support a consistent, effective deployment of 3D printing across
multiple fields of medicine.

2 METHODS

In this section, the main methods used by our software pipeline
are presented. Firstly, algorithms suitable for the generation of
a 3D models from a 3D bitmap are introduced. Such algorithms
are notably applicable to the results of deep learning inference for
organ segmentation. Secondly, algorithms for the creation of a 3D
bitmap from anatomical structures that have been delineated as
part of a regular radiotherapy treatment plan are described. Finally,
the encoding of the generated 3D models as DICOM-compliant
instances is explained.
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2.1 Model generation from volume bitmaps

The central task to the three-dimensional encoding of anatomical
structures is to generate a 3D mesh that closely fits a finite, discrete
3D volume, in which each voxel is associated with a binary label
(either the voxel belongs to the anatomical structure, in which case
it is labeled as “1”, or it is not part of the structure, in which case it
is labeled as “0”). This output 3D mesh is a list of triangles in the
space, each triangle being defined by the coordinates of its three
vertices ¥; € R where i € {1,2,3} and by its unit normal vector
it € R3 pointing outwards from the solid object.

2.1.1  Marching Cubes. The task of surface reconstruction from
volume bitmaps is often solved using the Marching Cubes algo-
rithm [18, 19]. Marching Cubes is a highly popular algorithm for
generating surface representations from regularly sampled volu-
metric data, with many successful applications [22]. This algorithm
consists of a main loop over all the 3D cubic cells whose corners are
defined by the voxels of the volume. For each cubic cell, Marching
Cubes samples the labels that are associated with its 8 neighbor-
ing voxels. Each of the possible combinations of those 8 labels
determines one polygon configuration among 256 possible configu-
rations. As an optimization, a pre-computed lookup table for those
256 configurations can be used to speed up the generation of the
polygons. The polygon configurations are collected for all the cubic
cells and are finally decomposed as 3D triangles to form the output
3D mesh.

An example of application of Marching Cubes to a selected
anatomical structure is depicted on Figure 1(a). As can be seen
in this example, the drawback of the Marching Cubes algorithm
is the staircase shape of the generated 3D meshes. This is a direct
consequence of the fact that Marching Cubes is applied locally to
the individual cubic cells, without taking larger-scale geometric
constraints into account. Therefore, it is most often interesting to
post-process the generated 3D mesh by moving the vertices around
to minimize some energy function, which makes the global mesh
look more natural.

2.1.2  Laplacian smoothing. In this paper, the Laplacian surface
editing or Laplacian smoothing technique is used to soften the stair-
case shape [13, 30]. Laplacian smoothing is an iterative algorithm
that consists in moving each vertex ¥; of the mesh, by taking into
consideration the geometrical relations with its N closest adjacent
vertices. For each vertex X; in the 3D mesh, the centroid of its N
closest neighbors ¥; is first computed:

1 N
G = ﬁ;fj (1)

Then, the updated position x| of the vertex ¥; is given by slightly
pulling the vertex towards the centroid:

J?£=J?i+a(5,~—3?,-). (2)

The a parameter in Equation 2 is called the relaxation factor and is in
practice set to 0.1 to avoid large drifts in the positions. This process
is repeatedly applied to each vertex of the mesh for a fixed number
of iterations (in our case, 15 iterations). Figure 1(b) illustrates the
benefits of applying Laplacian smoothing to the meshes generated
by the Marching Cubes algorithm. Evidently, Laplacian smoothing
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Figure 1: (a) Generation of a 3D model from a binary volume bitmap corresponding to a human colon! using the Marching
Cubes algorithm. (b) Laplacian smoothing applied to the same 3D model.

changes the 3D volume that is delimited by the mesh, which might
or not be an issue, depending on the application.

In practice, our implementation leverages the well-known free
and open-source VTK library [27] to implement both the Marching
Cubes and the Laplacian smoothing algorithms.

2.2 Model generation for radiotherapy

The Marching Cubes algorithm described in Section 2.1 takes as
input a binary volume bitmap that encodes an anatomical struc-
ture of interest. However, such binary bitmaps are most often the
outputs of computer vision algorithms and are rarely generated
by physicians in the clinical routine. It is thus important to inves-
tigate methods that can be applied to present, real-world clinical
applications. This has prompted us to turn to radiotherapy. Indeed,
radiotherapy is probably the medical specialty that currently man-
ages the largest number of segmented anatomical structures, and
for which large datasets are publicly available [10].

2.2.1 Radiotherapy structure sets. In the typical radiotherapy work-
flow, organs at risk and tumors are delineated by physicians on the
axial slices of the simulation CT-scan of the patient, possibly using
clues brought by PET-CT-scans and MRI images after proper co-
registration with the simulation CT-scan. Such delineated contours
are then used to optimize a highly personalized treatment plan for
the patient. Given the considerable number of patients receiving ra-
diotherapy treatment worldwide every day, this medical discipline
represents a major source of data for the development of algorithms
for the segmentation of anatomical structures. In addition, since
every patient undergoing radiotherapy has his or her organs at risk
delineated, it is possible to generate patient-specific 3D models that
could be used for patient education. This motivates the extraction

! This sample bitmap corresponds to the colon.nii.gz reference file that is part of
the source distribution of TotalSegmentator [35].

of 3D models corresponding to the anatomical structures of interest
using the contours produced in the radiotherapy workflow.

Nonetheless, radiotherapy does not store the delineated contours
as volume bitmaps. Instead, any radiotherapy or nuclear medicine
software primarily encodes its contours according to the so-called
“Radiation Therapy Structure Set Storage Information Object Defini-
tion (IOD);” often abbreviated as “structure set” or “RT-STRUCT,”
as specified in the “PS3.3: Information Object Definitions” part of
the DICOM standard [21]. This standard encoding represents one
delineated 3D volume (organ at risk or tumor) as a collection of
polygons in the 3D space. Those polygons must comply with sev-
eral constraints: (a) The vertices of each polygon must be coplanar
(i.e., they must lie on the same 3D plane), (b) all the polygons must
be parallel, which implies that all the polygons share one common
normal vector, and (c) the polygons must be regularly spaced in the
3D space. The encoded 3D volume is defined as the union of the
extruded polygons whose thickness is determined by the regular
spacing from the latter constraint.

2.2.2  Bitmap generation from a structure set. The conversion of one
anatomical structure from a DICOM structure set into a 3D model
using the algorithms from Section 2.1 necessitates the anatomical
structure to be available as a binary volume bitmap.

To this end, our algorithm begins by determining the normal
vector and the thickness of the polygons. This is done by first
defining the normal vector 7i € R3 that is shared by all the polygons
of the structure of interest, as the cross product of the two first
segments of the first polygon of the structure set. This normal
vector is normalized as a unit vector. Secondly, after verification of
coplanarity, all the polygons of the structure are projected onto that
unit normal vector, by computing the dot product of one vertex in
the polygon with the unit normal vector. This operation generates
an array of real numbers, one for each polygon, that represents the
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offsets of the polygons in the space, and that is expected to follow a
1D periodic pattern because of the constraint on the regular spacing
between the polygons. This array is sorted and duplicated values
are removed from it. Thirdly, another array is generated as the
difference between two successive numbers in the sorted array.
This new array is also sorted. At this point, the first element of this
new array defines the thickness of the polygons. If the structure
set is well-conditioned, the other elements of the new array should
be integer multiples of the computed thickness.

Once the normal vector and the thickness of the polygons have
been extracted, the geometry of the volume bitmap can be deter-
mined. The physical extent of the volume along the z—axis is given
by the difference between the maximum and minimum values of
the projection onto the unit normal vector. The discrete depth of the
bitmap is taken as the division of the latter physical extent by the
thickness, which corresponds to an integer value by construction.
On the other hand, the physical extent of the volume along the
x—axis and the y—axis is determined by the minimum and maxi-
mum values of the projection (i.e., the dot product) of each vertex
of each polygon over the direction cosines that are available in the
“Image Orientation Patient” (0x0020, 0x0037) DICOM tag of the
referenced CT image. The discrete width and height of the volume
bitmap are assumed to be specified by the user.

Next, the content of the volume bitmap is generated by a loop
over the polygons of interest. Each of those polygons corresponds
to one single slice in the volume bitmap, which is determined by
the projection of one of its vertices along the unit normal vector.
The 3D coordinates of the vertices are then projected onto the 2D
plane defined by the “Image Orientation Patient” DICOM tag, which
gives the coordinates of a 2D polygon. The resulting 2D polygon
can then be drawn onto the target slice of the volume bitmap by
a regular scan-line polygon filling algorithm. Note that an XOR
operation is used during the filling, as some DICOM RT-STRUCT
instances encode holes in a structure set as overlapping polygons.

Finally, to have a common aspect ratio along the x—axis, the
y—axis, and the z—axis, the depth of the volume bitmap is resized
with interpolation to match the width and height provided by the
user. The Marching Cubes algorithm is then readily applicable.
Figure 2 shows the result of the generation of a 3D mesh from a
DICOM structure set, including Laplacian smoothing.

2.3 Encapsulation of STL into DICOM

The previous sections have explained how to create 3D meshes,
either from volume bitmaps, or from radiotherapy structure sets.
As explained in Section 2.1.1, a 3D mesh is a collection of triangle
facets. It is then straightforward to create a binary STL file that
encodes the 3D mesh, as such a file is simply made of a header
followed by the list of triangles associated with their normal vector.

As explained in the introduction, Supplement 205 of DICOM
introduced the so-called “Encapsulated STL Information Object De-
scription (IOD)” to encapsulate an arbitrary STL file into a DI-
COM envelope. The encapsulation process consists in first iden-
tifying the DICOM study that will act as the parent of the 3D
mesh, then copying the content of the patient-level and study-level
modules of this parent study to form the skeleton of the new DI-
COM instance. The encapsulation process then basically boils down
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Figure 2: 3D model of the lungs extracted from a DICOM
RT-STRUCT instance from the Lung CT Segmentation Chal-
lenge 2017 (LCTSC) dataset [36, 37] provided by The Cancer
Imaging Archive project [10].

to setting additional DICOM tags in this new DICOM instance,
the most important being: “SOP Class UID” (0x0008, 0x0016)
that must be set to “1.2.840.10008.5.1.4.1.1.104.3”, “Modal-
ity” (0x0008, 0x0060) to “M3D”, “MIME Type Of Encapsulated Doc-
ument” (0x0042, 0x0012) to “model/stl”, and “Encapsulated Doc-
ument” (9x0042, 0x0011) must contain the raw STL fileZ. Once
the DICOM instance is created, it can be stored by any PACS server
(which notably enables the long-term archiving of the 3D model, as
well as the smooth integration with the Electronic Health Records of
the hospital), then exchanged thanks to the DICOM and DICOMweb
protocols.

3 APPLICATION

Section 2 has introduced methods that can be used to generate,
then encode 3D meshes that represent anatomical structures in an
interoperable way thanks to the DICOM standard. In this section,
we propose a concrete implementation of those methods that can
be deployed in companies, in research institutions, and in hospitals.

Orthanc is a well-known free and open-source ecosystem for
medical imaging [15]. It provides a reference implementation of a
PACS server. Orthanc also embeds a Web server that is primarily
used to provide a REST API to manipulate the content of the server.
Moreover, Orthanc features support for plugins, which can be used
to extend its built-in REST API by adding new routes, as well as to
enrich its default Web user interface.

In this paper, we extend Orthanc with a new plugin that adds
support for Encapsulated STL Information Object Description. Fig-
ure 3 depicts the first feature of this plugin. Whenever the plugin
detects that the Web interface of Orthanc is showing a DICOM
instance that encapsulates a STL file, it displays a button that opens

2Note that the dciodvfy command-line tool from the dicom3tools software can be
used to check the validity of the created DICOM instances.
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(a] STL viewer

Figure 3: Web user interface to open a lightweight Web
viewer of DICOM STL models. Figures 1 and 2 correspond
to actual screenshots of this viewer.

Generate 3D model

Choose the NIfTI file:

Choose file | No file chosen

Resolution:

« Smooth volume

Generate

Figure 4: User interface to generate a DICOM STL instance
from a volume bitmap, and to attach the generated instance
to an existing DICOM study.

a basic lightweight Web viewer to render this STL file. This Web
viewer is compatible with any modern Web browser and is built
using the Three.js JavaScript library®. This feature provides an in-
tuitive, immediate user interface to handle DICOM STL instances,
including those coming from other sources than Orthanc.

As a second feature, the STL plugin for Orthanc can be used to
attach a 3D mesh generated from a binary volume bitmap to an
existing DICOM study, following the algorithms of Section 2.1.1.
This feature is depicted in Figure 4. The input volume bitmap must
be encoded according to the NIfTI file format, although support
for other input formats could easily be added. The user interface
allows to resize the volume bitmap to a given resolution, as well
as to choose whether Laplacian smoothing is applied or not. The

BInternally, the viewer calls the route /instances/{id}/stl that is added to the REST
API of Orthanc by the plugin, in order to unwrap the STL file out of some DICOM
instance of interest whose Orthanc identifier is given by id. Note that this route can
also be used by external applications to retrieve the raw STL file encapsulated inside a
DICOM instance.
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Generate 3D model

Choose the structure:

Resolution:

¥ Smooth volume

Generate

Figure 5: User interface to generate a 3D model from one
structure of interest in a DICOM RT-STRUCT instance.

plugin then generates a new DICOM STL instance that is stored in-
side Orthanc as a part of the selected DICOM study. Thanks to this
feature, it is notably immediate to archive, then share with other
users a 3D mesh generated from a segmentation bitmap produced
by TotalSegmentator [35], which is a recent software for the auto-
mated segmentation of up to 104 different anatomical structures
that leverages the nnU-Net deep learning framework [14].

Thirdly, as illustrated in Figure 5, the STL plugin for Orthanc can
be used to generate a 3D model out of a DICOM structure set, fol-
lowing the algorithms of Section 2.2. This feature is available once
the user interface of Orthanc is displaying a DICOM RT-STRUCT
series. As can be seen in the screenshot, the user can select the
structure of interest, the resolution of the intermediate volume
bitmap, and whether Laplacian smoothing should be applied.

These two possibilities for generating 3D models are also pro-
grammatically accessible as two new routes in the REST API of Or-
thanc that are added by the plugin: The route /stl/encode-nifti
can be used to generate DICOM STL instances from NIfTI files,
whereas the route /stl/encode-rtstruct will generate DICOM
STL instances from DICOM RT-STRUCT instances. External ap-
plications dealing with radiotherapy, nuclear medicine, or organ
segmentation can thus use Orthanc to easily generate, store and
archive their 3D models in an interoperable way.

Finally, besides the topic of interoperability, this work was also
motivated by providing a pathway to ease the 3D printing of anatom-
ical structures that could be accessible to physicians. We have thus
validated whether the 3D meshes that are produced by the STL
plugin for Orthanc from a DICOM structure set can be printed
by a regular 3D printer. The results are shown in Figure 6, which
proves that our software pipeline is effective, from the generation
of DICOM-compliant 3D meshes, to the printing of 3D models. The
source code of the STL plugin for Orthanc is fully available as free
and open-source software released under the GPLv3 license, at
address: https://orthanc.uclouvain.be/hg/orthanc-stl/.
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@

Figure 6: Comparison of a 3D model of an anatomical structure generated by the STL plugin for Orthanc, against its 3D printed
version created by an Ultimaker 3 printer. (a) and (b) correspond to the back part of the left lung, while (c) and (d) correspond

to the front part of the left lung.

4 CONCLUSION

In this paper, we have proposed a software pipeline that can be
used to generate 3D models from volume bitmaps or from DICOM
structure sets, then to encode those models according to the DICOM
interoperability standard. This DICOM-based workflow allows to
close the gap between 3D printing and medical imaging, by stor-
ing the models directly inside the PACS, and by enabling effective
indexing, archiving, and sharing of the 3D models. Our software
takes the form of a free and open-source plugin for Orthanc, which
provides an accessible, easy-to-use Web interface to display and
generate DICOM STL models in one click. Altogether, this contribu-
tion could open the path to new applications in medical disciplines
leveraging 3D printing, as well as in patient education.

Future work will consist in interfacing existing free and open-
source slicer software for 3D printing, such as Ultimaker Cura
or derivatives of Slic3r, with the REST API of Orthanc, so that
Orthanc can seamlessly be used as a source of STL models in the
slicer software. Another important work will be to integrate deep
learning models for organ segmentation directly inside the STL
plugin for Orthanc. Such an integration would avoid the need to use

external software such as TotalSegmentator, hereby facilitating the
software deployment and improving the overall user experience.
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