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Abstract: Medical simulations have proven to be highly valuable in the education of healthcare
professionals. This significance was particularly evident during the COVID-19 pandemic, where
simulators provided a safe and effective means of training healthcare practitioners in the principles
of lung ultrasonography without exposing them to the risk of infection. This further emphasizes
another important advantage of medical simulation in the field of medical education. This paper
presents the principles of ultrasound simulation in the context of inflammatory lung conditions.
The propagation of sound waves in this environment is discussed, with a specific focus on key
diagnostic artifacts in lung imaging. The simulated medium was modeled by assigning appropriate
acoustic characteristics to the tissue components present in the simulated study. A simulation
engine was developed, taking into consideration the requirements of easy accessibility through
a web browser and high-performance simulation through GPU-based computing. The obtained
images were compared with real-world examples. An analysis of simulation parameter selection was
conducted to achieve real-time simulations while maintaining excellent visual quality. The research
findings demonstrate the feasibility of real-time, high-quality visualization in ultrasound simulation,
providing valuable insights for the development of educational tools and diagnostic training in the
field of medical imaging.
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1. Introduction

Lung ultrasonography (LUS), also known as lung ultrasound or chest ultrasound, is a
non-invasive imaging technique that allows real-time assessment of pulmonary structures.
Research evidence indicates the importance of this technique, which may be a significant
tool for a wide range of lung diseases, including both diagnosis and treatment consider-
ations. There is a steady increase in the prevalence of LUS, and it has been shown to be
effective in conditions including pneumonia [1], pleural effusion, lung consolidation [2],
pneumothorax [3] and much more common etiologies of respiratory failure. Lung ultra-
sonography is recommended as a “point of care” examination in patients with dyspnea,
chest pain, and any symptoms in the chest [4]. Moreover, LUS played a significant role
during the COVID-19 pandemic [5,6]. In [7], authors present machine learning-based diag-
nostic tools for COVID-19 detection that are among other factors based on LUS examination.
Despite the fact that ultrasonographic methods offer many inestimable advantages, such as
portability (bedside usage), no ionizing radiation exposure, efficiency, and low-cost [8], its
main limitation—operator-dependency, should also be mentioned. The appropriate inter-
pretation of lung ultrasound images requires adequate training, experience and expertise
to ensure the accuracy and reliability of the results [9].
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Lung ultrasound has been shown to be an easy-to-learn technique by personnel with-
out previous experience in a relatively short period of time [10-12]. Chiem et al. found that
after a brief 30-min training, clinicians achieved a 95% success rate in obtaining adequate
images and demonstrated comparable B-line interpretation sensitivity and specificity to
expert sonographers [11]. In order to achieve effective training, several approaches are
used. There are traditional ways of education based on lectures and seminars [13], in
addition, e-learning courses with online lectures [14-16] and hands-on sessions involving
healthy live models [16,17] or phantoms [17,18]. Each method has certain advantages; for
example, learning from online lectures is distinguished by high accessibility, flexibility,
and affordability, while hands-on learning on phantoms simulates the process of a real
examination without exposing the patient to risks [19]. A promising solution that combines
a number of advantages is a web-based LUS simulator, which visualizes US images on the
screen, allows users to manipulate the probe, and presents different disease scenarios.

The development of an LUS simulator requires a comprehensive understanding of the
fundamentals of ultrasound physics and the phenomena used in lung ultrasound diagnosis.
LUS is achieved by interpreting ultrasound reverberation artifacts, generally referred to as
A and B lines.

A-lines are horizontal, hyperechoic (bright) lines that are evenly spaced and parallel to
the pleural line. These artifacts are caused by subpleural air, resulting in large differences
in the acoustic impedance between the chest wall and alveoli of the lung. The sound waves
travel through the lung and reflect between the pleural line and the transducer, producing a
sequence of horizontal lines that are typical findings in air-filled tissues. The B-lines (known
as ultrasound lung comets) are vertical, hyperechoic lines that originate from the pleural
lines and extend without fading to the bottom of the screen. They replace normal A-lines
and are synchronized with the lung sliding. B-lines are the consequence of interlobular
septal thickening covered by air-filled alveoli, creating a significant acoustic impedance
gradient that produces the reverberation artifacts. B-lines are associated with various lung
diseases, including pulmonary edema, interstitial lung disease and pneumonia [20-23].

In this work, we presented a web-based LUS simulator that was created to provide a
comprehensive learning tool that visualizes ultrasound images, allows probe manipulation,
and presents various disease scenarios. The simulator includes artifacts that are commonly
seen during lung exams, such as shadows, A-lines, B-lines, pleural breaks, pleural sliding,
and consolidation. The simulator has been tested for compatibility and performance. Its us-
ability and effectiveness in providing practical experience in lung ultrasound interpretation
have been demonstrated.

2. Simulation Method

The Lung Ultrasound Simulator was intended to be a web-based application, available
for free using only a web browser. This requirement had a significant impact on the selected
technology and method of algorithm implementation. Particularly, instead of relying on
common 3D libraries, the Lung Ultrasound Simulator had to utilize WebGL technology
based on OpenGL ES. WebGL is specifically designed for web-based applications and
comes with certain limitations compared to the full OpenGL standard [24]. For example,
it may lack support for certain advanced features, such as compute shaders for parallel
computations, and it may have restrictions on certain texture types or dimensions.

The first stage of the work includes collecting anonymized real images of the actual
ultrasound examinations, with detailed descriptions, and then analyzing and defining
the requirements for the project lung simulator. A database of real US examinations was
created and used as a source of reference images. The images were prepared for educational
purposes and supplied by the Department of Coronary Disease and Heart Failure at John
Paul I Hospital, Krakow, Poland.

The next stage was a definition of the learning tool in the simulator. The chosen
approach assumes the existence of 14 predefined standard application points for the ultra-
sound probe on each patient, following established guidelines presented in Figure 1 [25].



Appl. Sci. 2023, 13, 9805

30f12

Paravertebral line

Each of these points corresponds to a specific observation that the user should identify
on the ultrasound image. After noting all the observed phenomena and considering ad-
ditional patient information, the user is asked to select the most probable diagnosis. In
the subsequent step, the simulator can provide feedback to ascertain the accuracy of the
user’s observations.
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Figure 1. Schematic representation of the acquisition landmarks on chest anatomic lines. (a) From
guidelines [22]; (b) represented on the virtual patient in the simulator.

The next stage was to prepare scenarios: different pathologies and diseases were
selected, and virtual patients were created to reflect defined conditions. For each of
the 14 landmarks, the corresponding pathology was selected, along with the appropriate
artifacts that would be visible when the ultrasound probe was positioned over that point.

2.1. Simulation Model

There are typically two main models used in ultrasound simulations: vector-based
and volumetric. The vector-based model is created by 3D graphic artists and often relies
on CT data as a foundation. This model involves the generation of geometric shapes to
simulate ultrasound wave propagation.

On the other hand, the volumetric model is derived directly from CT data, allowing
for a more accurate representation of the scanned anatomy. By utilizing the actual CT data,
the volumetric model offers a higher level of realism, anatomical details and precision in
simulating ultrasound images [26-34].

Both approaches have their strengths and are commonly employed in ultrasound
simulation technology. Vector-based (or triangle-based) models are easier to edit, animate
and apply interactions to. The Ultrasound simulation can then be performed using a cross-
section of that 3D model or using a raytracing technique [35], where rays are sent from the
transducer position and travel through the model, simulating a wavefront propagation.

On the other hand, the volumetric model may have lower temporal resolution, may be
corrupted by different artifacts, is more challenging to process, and occupies more memory
space. A volume model can be sampled using a ray-marching technique, which can
implement most of the required phenomena to produce a realistic final ultrasound image.
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2.2. Ultrasound Simulation

The first step was a 3D vector model creation of a patient and internal structures.
The authors decided to use the Daz 3D [36] software and an asset of male and female
with internal organs available in the Daz 3D Assets Store [37]. To meet the simulation
requirements, models were adjusted and animated; in particular, the motion of the lungs
was added. The animation was manually implemented to reflect the lung’s movement as
visible on the acquired ultrasound videos. Ribs movement was not implemented because
the complexity of modeling exceeds the benefits and impact of animation on the final
outcome. The speed and the range of the lung animation vary depending on the selected
patient, which reflects the breathing speed and the depth of inhalation.

In the following step, the Unity framework was used to create a simulation platform
for the Lung Ultrasound Simulator. The Unity framework is widely utilized for developing
2D and 3D games, and it has also found extensive application in the medical field [38—41].
Moreover, it serves as a solid foundation for creating web-based 3D applications, offering a
versatile platform for delivering immersive experiences over the Internet.

The previously prepared models were imported into the Unity framework, and then a
virtual examination room and virtual US probe were created. Users can manipulate the
probe and position it on the patient’s body using a computer mouse.

Next, a disease scenario was implemented for each patient by configuring the land-
mark states to the appropriate values based on the expected observations.

Then, the simulation algorithm is used to render the simulated US image:

1. According to the virtual probe position and orientation, the 3D model of the patient
and its internal structures are rendered using a virtual camera and custom shader
program. Only the cross-section is visible and rendered as an image into the frame-
buffer. This is an approximation of an ultrasound image in which individual tissues
are rendered using a custom shader (called Material) that, among others, encodes
the required physical parameters (like absorption coefficient and acoustic impedance)
as a color. Additionally, the cross-section is completed with a simulation of the tis-
sue structure. This is achieved using a position-dependent pseudorandom values
function [42].

2. The same virtual camera renders a UV map of the moving tissues. UV value is a
vertex attribute required to correctly map a texture on an object. However, in this case,
this step is used to simulate pulmonary pleurae movement and related artifacts. The
values rendered on the UV map correspond to the local position of the lung surface.
The lung’s movement corresponds to the changes in these values.

3. Another virtual camera is employed to render the ultrasound (US) sector. This camera
utilizes a shader program that incorporates the modified ray-marching method to
simulate wave propagation. This step was challenging because instead of a compute
shader, better suited for this problem, a regular fragment shader had to be used.
Compute shaders were not supported in the web browser environment at the time of
writing. In the resulting image, each column corresponds to a ray, and each row is a
ray marching step.

4. A shader program that extends the results of previous steps with additional wave
phenomena, including A-lines and noise.

5. A shader program that transforms the results into a selected sector view.

2.3. Artifacts Simulation

In order to create an effective learning tool, it is crucial to simulate various ultrasound
artifacts that are commonly encountered during lung examinations. These artifacts play
a significant role in the interpretation and analysis of ultrasound images. By accurately
replicating these artifacts in the Lung Ultrasound Simulator, users can develop the necessary
skills to identify and interpret them in real-life scenarios.
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The artifacts can be rendered according to the classical wave equation [43,44]:
2
c2 ot?
where:
p—acoustic pressure,
c—speed of sound in the medium,
t—time,
and with a relaxation term:
2 p— 1 azl — _Tal (2)
c2 ot? ot
where:
T—is a relaxation coefficient.
In cases where there is negligible or no scattering, it leads to (1-D):
I(x) = Ipe 2%~ (3)

where:

I(x)—remaining intensity at the distance x to the wave source,

Ip—initial intensity,

x—absorption coefficient—a product of the medium attenuation coefficient and the
frequency of the ultrasound wave.

To solve Equation (2), ultrasound waves can be simplified as a ray that is generated
at the transducer and marched over a 2D cross-section plane. During that process, a ray
interacts with the medium (tissue characteristics set up with a custom material) and renders
the intensity image. The attenuation is implemented using the Equation (3). No reflection or
refraction rays are implemented. However, the reflected intensity is calculated as follows:

Zo — 71\ 2
L=I=2=_=2 4
r 1<Zz+Z1> 4)

where:

I,—is the reflected intensity,

I;i—is the incoming intensity,

2y, Zy—are the acoustic impedances, defined as a product of tissue density and speed
of sound.

Key artifacts that should be simulated include shadows, A-lines, B-lines, pleural
breaks, and pleural sliding. The strength of each artifact can be adjusted as needed and
defined for each standard probe application point.

1. Shadows are dark areas that occur when ultrasound waves are blocked or absorbed by
dense structures, such as ribs or air-filled spaces (Figure 2). To simulate shadows, first,
the cross-section image is rendered with Material attributes defined for each tissue.
Then, a ray marching technique utilizes these values to compute shadows for each ray.
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(a) (b)

Figure 2. Ultrasound shadows example: (a) real examination; (b) the LUS simulation.

2.

A-lines are horizontal, parallel lines seen in normal lung tissue and are created by
the multiple reflections of ultrasound waves between the pleural line and the trans-
ducer. This is achieved during the ray marching step without a time-consuming ray
generation: the input frame buffer, which stores the image of the first render pass, is
repeatedly sampled relative to the distance of a pleural line to the transducer. The
results can be seen in Figure 3.

() (b)

Figure 3. A-lines example: (a) real examination; (b) the LUS simulation.

3.

B-lines, on the other hand, are vertical lines that represent thickened or edematous
lung interstitial spaces and are commonly associated with pulmonary edema or inter-
stitial lung diseases. To simulate this artifact, the intensity of the response is randomly
increased at the pleural line, leaving a bright trail interpreted as a B-line. A pseudo-
random value is calculated from the UV map (rendered in the previous step) for each
ray of the ray marching algorithm. Then, a strength parameter associated with the
patient’s landmark determines the visibility of the B-lines. This parameter ranges from
0 (no B-lines) to 1 (multiple coalescent B-lines). Radial blur, added in the final step,
increases visual similarity to real artifacts. An example of that artifact results is visible
in Figure 4.
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(a) (b)
Figure 4. B-lines example: (a) real examination; (b) the LUS simulation.

4.  Pleural breaks, also known as pleural irregularities or pleural abnormalities, appear
as disruptions in the smooth pleural line. It was achieved by changing the pleural
reflectance parameter in the function of distance to the axis of the probe standard
application point (landmark). Figure 5 shows this simulated artifact.

(a) (b)

Figure 5. Pleural break example: (a) real examination [18]; (b) the LUS simulation.

5. Lastly, pleural sliding refers to the dynamic movement of the visceral and parietal
pleura during respiration. As mentioned before, it was created using the UV maps of
the animated lungs model and calculating pseudorandom values on that basis. The
sliding is then achieved by modifying the intensity of the outer part of the pleural line
according to the random values.

The attenuation phenomenon is also applied during ray marching, according to the
traversed tissue attenuation values. Furthermore, pleural fluid was implemented using a
custom 3D object and appropriate material parameters.

In addition to the mentioned artifacts that are highly important during lung ultra-
sound examinations, it was crucial for educational purposes to simulate the presence of
consolidation. Consolidations are regions of lung tissues filled with liquid instead of air.
It ensues from the accumulation of inflammatory cellular exudate within the alveoli and
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contiguous ducts. The simulation of the image of consolidation was achieved using a
predefined mesh object created in 3D software (3D Studio Max, Autodesk) and positioned
in a virtual patient interior. Material attributes are added to the consolidation object to
increase attenuation and induce more reflectance and then rendered in the final image
(Figure 6).

(a) (b)
Figure 6. Consolidation example: (a) real examination; (b) the LUS simulation.

Finally, image noise and radial blur are applied to the image.

By simulating these artifacts within the Lung Ultrasound Simulator, users can de-
velop a comprehensive understanding of their appearance, characteristics, and clinical
significance. This simulation enables medical professionals and students to gain practi-
cal experience in identifying and interpreting these artifacts, enhancing their diagnostic
capabilities and preparing them for real-world lung ultrasound examinations.

Due to their lesser importance and the complexity involved in their implementation,
other artifacts have not been incorporated into the system at this stage.

3. Results

The LUS simulator is available for free at https://lus.mstech.eu/ (accessed on
20 August 2023). Using only a web browser and a computer mouse, the user can ex-
amine a selected virtual patient (5 cases available) and afterward choose the most probable
diagnosis (Figures 7 and 8). The simulator shows the correct answers and allows one to
revisit all the points to check the correct observations.

Carl )] Mark(85)
g
L

& -~/

Carl, Age: 80, male

Physical exam:

Chest dyscomfort for several days, muscle pain, loss of taste, rapidly
aggravating dyspnea, and cough

Medical history:

DM2, hypertension

Available after examination:

Back J [ Start Lung US test J

Figure 7. The LUS simulator, patient selection screen.
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Figure 8. The LUS simulator, patient examination screen.

The simulator underwent thorough testing on various machines, operating systems,
and web browsers, demonstrating its compatibility without encountering significant issues.
Performance testing was conducted by measuring the simulator’s performance with differ-
ent frame buffer sizes, and the findings are summarized in Table 1. The results indicate that
the size of the framebuffers has an impact on performance, with the largest framebuffer
making the simulator unusable. Furthermore, a resolution of 512 by 512 pixels was selected
as it provides the optimal balance between image quality and rendering efficiency, ensuring
that the resulting images maintain sufficient visual clarity.

Table 1. Frames per second (FPS) for different sizes of framebuffers.

Framebuffers Size Max FPS Min FPS
4096 x 4096 2.6 14
2048 x 2048 78.3 74.3
1024 x 1024 215 181

512 x 512 261 239
256 x 256 271 241
128 x 128 274 247

4. Discussion

Lung ultrasonography (LUS) is a non-invasive imaging technique that allows real-
time assessment of pulmonary structures. It has proven to be effective in diagnosing and
treating various lung diseases, including pneumonia, pleural effusion, lung consolidation,
and pneumothorax. LUS is recommended as a point-of-care examination for patients with
symptoms in the chest. We presented a web-based LUS simulator developed to provide a
comprehensive learning tool that visualizes ultrasound images, allows probe manipulation,
and presents different disease scenarios. The simulator utilizes WebGL technology and a
combination of vector-based and ray-marching techniques to simulate ultrasound waves
and generate realistic ultrasound images. It incorporates various artifacts commonly
encountered during lung examinations, such as shadows, A-lines, B-lines, pleural breaks,
pleural sliding, and consolidation. By simulating these artifacts, the simulator helps users
develop skills in identifying and interpreting ultrasound findings. The simulator has been
tested for compatibility and performance, demonstrating its usability and effectiveness in
providing practical experience in lung ultrasound interpretation.

The LUS simulator developed as part of the COVID-19 Rapid Response Projects and
made available free of charge constituted a significant stride in responding to the COVID-19
pandemic while simultaneously aiming to encourage the utilization of ultrasonography in
diagnosing COVID-19 patients. Faced with the challenges imposed by the pandemic, this
innovative tool facilitated the learning and practice of ultrasonography from the comfort of
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one’s own home, offering immense value to aspiring medical professionals and physicians.
The unrestricted access to the simulator not only democratized the acquisition of this crucial
skill but also facilitated the commencement of ultrasonography education, which gained
paramount importance in the context of COVID-19.

5. Conclusions

In conclusion, the LUS simulator stands as a remarkable innovation in the field of
medical education, particularly within the context of the COVID-19 pandemic. While
its quality may not rival that of top-tier commercial counterparts, its distinct advantage
lies in its accessibility, simplicity, and cost-free availability. The online platform offers an
easy-to-use interface that incorporates essential learning features, making it an invaluable
resource for aspiring medical practitioners.

In the future, research on the effectiveness of learning using the developed simulator
is planned. Additionally, there is an intention to enhance its capabilities through improved
implementations of both simulation algorithms and 3D models. Furthermore, the simulator
will be supplemented with additional scenarios.
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