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Abstract

gVirtualXray (gVXR) is a programming interface framework to simulate realistic X-ray projections in realtime on graphics pro-
cessing units (GPUs). It solves the Beer-Lambert law (attenuation law) using a deterministic X-ray simulation algorithm based
on 3D computer graphics, namely rasterisation. Implemented as multi-pass rendering makes it more computationally optimal
than the more intuitive ray-tracing technique. Although written in C++ using OpenGL and its shading language (GLSL) to
leverage the GPU, gVXR is available for other programming languages such as Python. Extensive validation studies, including
comparisons with Monte Carlo simulations and real experimental data, have confirmed the accuracy of gVXR’s simulations.
gVXR was initially used in medical virtual reality (VR) for training purposes. It was then used in medical physics, and high-
throughput data applications including mathematical optimisation and machine learning (ML). Micro-imaging studies on the

Dirk Bartz Prize

C. elegans biological model are also reported.
CCS Concepts

» Computing methodologies — Real-time simulation; Physical simulation; Virtual reality; Machine learning; * Applied

computing — Physics;

1. Introduction

gVirtualXray (gVXR) is an application programming interface
(API) to simulate realistic X-ray projections in realtime on
graphics processing units (GPUs) (https://gvirtualxray.
sourceforge.io/). Itis written in C++ using OpenGL and its
shading language (GLSL). Wrappers are provided for some of to-
day’s popular programming languages, including Python, C# and
Java.

Solving the Beer-Lambert law (attenuation law) with determinis-
tic X-ray simulation algorithms is often described using ray-tracing
due to the intuitiveness of this approach. It could be implemented
with GPU programming techniques such as CUDA. However, that
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would be computationally suboptimal. Freud ef al. demonstrated
on the central processing unit (CPU) that a rasteriser is much
more computationally effective and leads to the same level of accu-
racy [FDLBOG6]. In this case, the X-ray attenuation through matter
is calculated as a rendering problem, which can be solved using
blending (transparency) and a shading language [VGF*09]. Using
multi-pass rendering, it is even possible to add further levels of re-
alism, including polychromatism (spectra made of X-ray photons
of multiple energies) and focal spot (the finite size of the X-ray
source) [VGF*10, VV16]. Scintillation is now modelled to further
increase realism [PWTA*23].

Simulations performed with gVXR has been benchmarked
against i) images generated with a state-of-the-art Monte Carlo


https://orcid.org/0000-0002-2768-4524
https://orcid.org/0009-0004-9938-7651
https://orcid.org/0000-0002-1970-3289
https://orcid.org/0000-0003-2867-3525
https://orcid.org/0000-0002-7282-4557
https://orcid.org/0009-0002-6825-5352
https://orcid.org/0000-0002-5737-6960
https://orcid.org/0000-0003-4267-492X
https://orcid.org/0000-0003-4413-4820
https://orcid.org/0000-0002-0372-9329
https://orcid.org/0009-0004-4806-0202
https://orcid.org/0009-0001-4824-7438
https://orcid.org/0000-0001-8617-9205
https://orcid.org/0000-0002-4947-5520
https://orcid.org/0000-0002-3682-3485
https://orcid.org/0000-0002-0438-1707
https://orcid.org/0000-0002-8835-8976
https://orcid.org/0000-0001-6180-8925
https://orcid.org/0000-0002-7891-6137
https://orcid.org/0009-0007-8558-287X
https://orcid.org/0000-0002-9476-0902
https://gvirtualxray.sourceforge.io/
https://gvirtualxray.sourceforge.io/

20f5 F. Vidal et al. / X-ray simulations with gVirtualXray in medicine and life sciences

simulation tool, Geant4, developed by CERN, and ii) experimen-
tal data (digitally reconstructed radiographs (DRRs), computed to-
mography (CT) slices, and a digital radiograph (DX)) acquired with
clinically utilised devices [VV 16, PWTA*23]. In every case, simu-
lations performed with gVXR were proven to be very accurate.

gVXR has been used in a wide range of applications, including
medicine and biology. Some have been presented at conferences
organised on behalf of Eurographics [VGF*09, VGF*10, VV15,
SMV*17, SKGV19, WMAM™*19]. This entry to the Dirk Bartz
Prize provides a comprehensive review of such applications.

2. Applications

Historically, gVXR was used in medical virtual reality (VR)
for training purposes (e.g. haptic femoral nailing simula-
tor [RBTB21], interactive teaching tool for medical radiogra-
phy [SKGV22] and catheterization and angiography positioning
simulation [ZQLH18]). It was then used in medical physics to
study motion artecfacts in chest CBCT [VV15] and propose a
new densitometric radiographic imaging [ACA19]. It is also used
in high-throughput data applications including mathematical opti-
misation (e.g. registration of 3D surfaces onto patient-specific ra-
diographs) [WMV21] and machine learning (ML), including seg-
mentation, material decomposition [AC24], nodule detection, real-
time denoising [AFE*21], and generative artificial intelligence
(AI) [HLL*20]. We report here some of these applications.

2.1. Education

Realistic simulations provide a more immersive and engaging
learning experience, helping students better understand and retain
complex concepts associated with imaging techniques and acquisi-
tion. The closer the simulation experience is to mimicking real-life
scenarios, the better it refines students’ technical skills and pre-
pares them for clinical placement. Simulation provides a controlled
and safe environment where students can repeat practice (multiple
image acquisition) and make mistakes and experiment with acqui-
sition parameters without risking patient safety from the use of ion-
ising radiation. This build student’s confidence before transitioning
into real clinical environments. It is also a great way to exposure
students to understanding clinical scientific computing skills that
may inspire them to develop their own simulation in the future.
With Al and significant technology advancements within Radiol-
ogy, it is important to use different approaches to training and edu-
cation to ensure sufficient pipeline of staff but also expose students
to different types of technology early in their career to nurture that
digital capability and innovation.

2.1.1. Haptic femoral nailing simulator

gVXR was a core component in the development of a VR hap-
tic orthopaedic surgical simulator, where it provided real-time flu-
oroscopy images via a user-controlled virtual c-arm [RBTB21].
Orthopaedic surgery (and particularly intramedullary nailing) re-
quires the ability to operate through minimal incisions using tac-
tile feedback and static 2D fluoroscopy image guidance, and so
effective and realistic image intensifier functionality is an essen-
tial component of such a device. The gVXR software was con-
verted for use within the 3D environment by Toia Ltd (https:

Figure 1: The simulator environment as seen through the VR head-
set, with the image intensifier images displayed on a virtual screen.

//toia.tech/). The virtual X-ray source was placed in the cor-
responding location on the virtual c-arm and the tissues, bone, tools
and metalwork were assigned attenuation values to provide appro-
priate images. The live video feed produced by the software was
converted to static images by the means of a camera relay system
— the output video was displayed on a virtual screen outside the
view of the user, with a camera taking snapshots and displaying
them on the virtual image intensifier screens as required (Fig 1).
This provided the user (interacting via a VR head-mounted display
and haptic drill handle) with an unparalleled level of realism and
training value, as evidenced by the feedback from the orthopaedic
surgeons during simulator validation.

2.1.2. Interactive teaching tool for medical radiography

Trainees in projective radiography must balance producing opti-
mal images with minimizing radiation exposure. Students are still
learning with a book full of static images and, although they par-
ticipate in real clinical environments, their practice is constrained
by the risks of radiation exposure to living tissues. In this simulator
(see Figure 2, gVXR and 3D animation techniques allow feasible
anatomical models to be imported, repositioned, modified to get x-
Ray images instantly [SKGV19, SKGV22]. Interactive patient po-
sitioning, virtual environment where users can adjust X-ray device
parameters, and instantly visualizations of the resulting radiograph
makes this software useful and suitable for teaching Projectional
Radiography, according to a face and content validation.

2.2. Medical physics
2.2.1. Motion artecfacts in chest CBCT

gVXR was employed to simulate motion-induced artefacts in CT
image reconstruction, with a specific focus on respiratory mo-
tion [VV15]. A respiratory motion model was developed, building
upon prior research designed for training purposes [VVH*(09]. The
active movements of the primary respiratory muscles were mod-
elled, incorporating a combination of rigid-body kinematic motion

© 2025 The Author(s).
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Figure 2: Interface of the Projectional Radiography Simulator.

for the ribs and active deformation modelling for the diaphragm.
Other organs influenced by respiration deform passively, driven by
the movements of these primary muscles. To achieve this, hybrid
computing was utilised, with motion computations performed on
the CPU and CT rendering executed on the GPU. The simulation
was validated using multiple clinical images from patient datasets.
Simulation parameters were optimised using a genetic algorithm,
enabling precise reproduction of physiological motion dynamics.
CT volumes reconstructed from X-ray projections simulated with-
out respiration did not have motion artefacts, whereas they did
when respiration motion was taken into account in the simulation.

2.2.2. New densitometric radiographic imaging modality

Typical X-ray radiographs are acquired using a single image at a
given tube voltage (see Figure 3a). These images provide quantita-
tive information about tissues densities. However, due to the phys-
ical limitations, it may not be possible to appropriately image both
soft and bony regions. To improve contrast, dual-energy X-ray ab-
sorptiometry (DXA) can be used. DXA combines two radiographs
produced at different voltages (i.e. one low and one high), which
increases the radiation dose delivered to the patient.

(a)

Figure 3: Examples of (a) X-ray radiographs and (b) corresponding
densitometric images.

Using a contour sensor (depth camera), e.g. the well-known
Microsoft Kinect, it is possible to measure the patient’s volume
and substitute one of the radiographs with one simulated with
gVXR [ACA19]. In this case, it is important to calibrate the sys-
tem so that the virtual patient, the real patient, and the X-ray device

© 2025 The Author(s).
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are registered to fuse the real and simulated radiographs. The final
images shown in Figure 3b exhibit an improvement in brightness
and contrast: Areas that were overexposed are no longer.

2.3. Registration of a generic 3D hand model onto 2D
radiographs using optimisation

Rheumatoid Arthritis (RA) is a chronic autoimmune disease caus-
ing destruction of the synovial joints of the hands to systemic
inflammation, with hand stiffness and pain being the most com-
mon at the time of diagnosis. The most common imaging modal-
ity used to confirm joint damage is standard X-ray radiographs.
Posterior anterior (PA) view of the hand involves the patient plac-
ing their hand flat on the sensing surface, allowing the radiol-
ogist to assess soft-tissue swelling and joint damage. Wen et
al. [WMAM™19, WMV21] used gVXR to register a generic syn-
thetic model of a hand to a real radiograph in PA view. This was
formulated as an optimisation problem and solved using covari-
ance matrix adaptation evolution strategy (CMA-ES) to recover the
pose of the hand. The problem is non-trivial since the human hand
is highly articulated with 27 degrees of freedom (DOF). Individual
bones were scaled to account for anatomical variability. The results
obtained were good, with low projection errors as seen in the Fig-
ure 4.

\ J )
e 5
(a) Target. (b) Prediction . (c) Absolute error.

Figure 4: Example of registration results.

2.4. Machine learning
2.4.1. Lung nodule detection in 2D radiographs

Deep learning models are a promising approach to enhance med-
ical image analysis. However, their performance is limited by the
size, quality, and diversity of available training datasets. Incorpo-
rating synthetic data into training datasets can address the lack of
medical imaging data. The combined use of a virtual anthropo-
morphic model with gVirtualXRay enables the rapid generation of
large synthetic datasets. By injecting artificial lesions, deforming
organ shapes and adjusting scanner settings, it is possible to repli-
cate the variability found in real datasets. In the case of pulmonary
nodule detection, training a YOLOv8 detection model on a mixed
dataset composed of real and synthetic radiographs generated by
gVXR, improved nodule detection performance by 32%, compared
to training exclusively on real data. These preliminary results un-
derscore the potential of gVXR to generate automatically labelled
synthetic data of sufficient quality for training diagnostic models,
thereby addressing the challenge of data scarcity in medical imag-
ing research.
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Figure 5: a. Virtual anthropomorphic model (from Z-anatomy). From left to right : meshes represent bones, skin, visceral organs and brain,
blood vessels, muscles b. Example of a synthetic lung model with an artificially inserted nodule (red) c. Example of a real chest radiography
(left) from NODE21 dataset, and synthetic chest radiography (right). Nodules bounding box in red d. Model performance as a function of

each training dataset.

2.4.2. Spectral CT data simulation and material
decomposition

The ability of gVirtualXRay to simulate spectral CT data plays a
crucial role in advancing material decomposition techniques within
medical imaging. By generating synthetic datasets across high-
energy, low-energy, and conventional CT spectra, gVXR provides
essential training data for deep learning models in material decom-
position [AC24]. These models leverage pairs of reconstructed CT
images and material density maps created by voxelising 3D meshes
from segmented phantom STL files. This approach accurately sim-
ulates the distinct attenuation characteristics of different materials,
closely mimicking real spectral CT conditions. By capturing the
variability and complexity of clinical data, gVXR enables the de-
velopment of Al-driven material decomposition algorithms without
the high costs and logistical challenges associated with acquiring
large clinical datasets.

2.5. Developing next-generation algorithms for X-ray
emission micro-tomography

X-ray emission micro-imaging, whether induced by protons or syn-
chrotron X-rays (SXRF: Synchrotron X-Ray Fluorescence), en-
ables multi-scale mapping of biologically relevant elements, such
as minerals and trace metals, with high mass sensitivity [MLJ*22,
YFP*19]. In 3D tomography, accurate quantification requires data
acquisition over a full 180° angular range. However, practical se-
tups often use 2D sample holders for convenience, resulting in a
“missing wedge” at grazing angles. Specialized reconstruction al-
gorithms must be developed to address this limitation. They can be
validated using Monte Carlo simulations (e.g. Geant4) [MLJ*22].
Alternatively, gVXR provides a faster deterministic method for
generating sinograms from digital phantoms. The microscopic

roundworm Caenorhabditis elegans (C. elegans), a key model in
genetics, aging, neuroscience, and environmental research, has a
highly reproducible internal structure, making it well suited for
this development. A realistic digital twin incorporating experimen-
tal mass density data is being created (see Figure 6). Future work
in gVXR aims to model X-ray emission-based micro-tomography,
expanding its applicability to techniques like SXRF.

Figure 6: From 3D model to virtual imaging. Top: Computer-Aided
Design (CAD) model of the anatomy of C. elegans. Bottom: gVXR
generated projection image of the phantom.

3. Conclusions

This entry presented gVXR, an open-source framework for simu-
lating X-ray images in real time using GPUs. The method was ini-
tially used in medical VR to train image-guided needle puncture.
However, the open-source nature of the framework meant that the
maintainer “lost control” of what the users might do, enabling col-
laborations and innovations. gVXR has been used in a number of
doctoral theses. We presented here a review of known users’ con-
tributions, including applications in medical VR, medical physics,
disease monitoring, and machine learning. Note that gVXR is also
used in material science and industrial X-ray imaging. A recent re-
view in X-ray CT, mostly non-clinical, is also available [VAA*24].

© 2025 The Author(s).
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