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Introduction: Ultrasonography (US) plays a central role in modern diagnostic and 

interventional medicine, particularly in the management of facet-origin chronic 

low back pain, a highly prevalent condition in industrialized societies. However, 

its clinical effectiveness depends largely on the level of specialist training, 

requiring advanced skills in probe manipulation, sonoanatomy interpretation, 

brain-hand-eye coordination, and safe planning of interventional procedures. 

This work presents the development of a training simulator for ultrasound- 

guided treatment of lumbar facet syndrome; the simulator is implemented 

within a modular learning framework designed to support the flexible and 

efficient creation of procedure-specific simulators.

Methods: The developed simulator integrates a physical replica of an ultrasound 

probe, enabling trainees to practice realistic handling. Probe movements 

performed by the trainee along the scan path are continuously tracked and 

mapped to corresponding ultrasound images and videos, previously acquired 

by clinical experts from a real subject and displayed in real time on a computer 

screen. For interventional planning, a virtual syringe-and-needle component 

allows trainees to simulate needle orientation and insertion depth, with relevant 

anatomical structures highlighted as visual learning aids.

Results: A validation study was conducted involving 18 final-year medical 

students using an ad hoc questionnaire addressing usability, realism, learning 

support, and overall training experience. The results demonstrate a high level 

of student acceptance and a positive perceived impact on the acquisition of 

skills related to ultrasound-guided exploration and interventional planning. 

Most students reported accelerated skill acquisition in US examination (89% 

very satisfied, 11% satisfied) and high motivation (83% very satisfied, 17% 

satisfied). Overall performance and the likelihood of recommending the 

simulator received the highest rating from all participants (100%).
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Discussion: From the perspective of students, the simulator provides a realistic and 

supportive learning experience, particularly due to the realism of the physical probe 

replica, the quality of the graphical user interface, and the guided learning process. 

From the perspective of instructors, the effectiveness of the simulator depends on 

the quality of the learning resources and the scope of the training cases. Although 

the preparation and curation of high-quality ultrasound datasets and annotations 

remains time-consuming, the framework significantly facilitates and adds flexibility 

to the development of new case studies. This positions the approach as a valuable 

complementary training resource, helping to bridge the gap between theoretical 

instruction and supervised clinical practice in ultrasound-guided procedures.

KEYWORDS

computer-based US simulators, facet syndrome treatment, interventional 

ultrasonography, life-like HMI devices, medical training

1 Introduction

The medical community is continually confronted with the 

challenge of replacing conventional clinical examination, 

diagnostic, and therapeutic procedures with alternative 

approaches that enhance patient safety and comfort while 

reducing associated healthcare costs [1]. In this context, medical 

imaging has progressively assumed a central role in 

contemporary medicine, substantially transforming both 

diagnostic and therapeutic clinical practices [2]. Procedures such 

as tissue sampling for biopsy, injection of anesthetic agents, or 

implantation of radioactive sources for brachytherapy require 

the accurate percutaneous insertion of a needle into a precisely 

defined region of soft tissue; this process can be effectively 

guided by imaging modalities [3]. Addressing this challenge 

requires healthcare professionals to adapt to innovative 

techniques and integrate state-of-the-art technologies into 

routine patient care.

In recent years, ultrasonography (US) has been increasingly 

adopted for both diagnostic and interventional imaging 

procedures [2]. This expansion can be attributed to its favorable 

radiological safety profile [4], high patient tolerability, and 

reduced procedural times [3]. In contrast, other imaging 

modalities, such as conventional radiography or computed 

tomography (CT), are generally reserved for follow-up 

examinations or more complex diagnostic evaluations. 

Furthermore, US equipment is portable and cost-effective [1]. 

However, image quality is constrained by factors including a low 

signal-to-noise ratio, modality-specific artifacts, reduced spatial 

resolution in deeper anatomical regions, and the inability of 

ultrasound waves to propagate through air or osseous structures 

[5], among other technical limitations. Despite these limitations, 

the use of ultrasound has become widespread across multiple 

medical specialties and is increasingly being incorporated as a 

routine diagnostic tool in primary care settings [6]. According 

to Chen et al.[7], the portable ultrasound scanner is considered 

the “visual stethoscope” of the 21st century.

However, its clinical effectiveness ultimately depends on the 

level of training and expertise of the operator [1, 8]. In this 

context, specialists must first acquire the technical skills required 

to manipulate the ultrasound probe, including 3D displacements 

and orientations, to accurately acquire and visualize anatomical 

structures while minimizing image artifacts [9]. This process 

requires appropriate brain–hand–eye coordination [10, 11]. 

Second, visual training is essential for accurate identification and 

interpretation of anatomical structures in ultrasound images 

(sonoanatomy) [9]. Third, in interventional procedures specific 

to each specialty [ultrasonosurgery [3]], which require needle 

insertion into target soft tissues, the development of adequate 

motor coordination and precise instrument control is vital [3, 10].

One of these procedures is infiltration, which has been used 

for decades in pain management using established anatomical 

landmark-guided techniques. More recently, ultrasound-guided 

infiltration has gained considerable clinical acceptance, as it 

enables accurate drug deposition at the target structure [12] and 

real-time monitoring of the injected volume. This procedure is 

currently applied both for the diagnosis and treatment of low 

back pain. In industrialized societies, it is estimated that 

between 70% and 80% of the population will experience low 

back pain at least once during their lifetime, and among these 

cases, a substantial proportion will progress to chronic low back 

pain [13], representing a major public health concern. Among 

the anatomical structures involved in chronic low back pain are 

the lumbar facet joints, whose degeneration or functional 

alteration may lead to the so-called lumbar facet syndrome.

In clinical practice, the diagnosis of facet-origin pain is 

primarily based on diagnostic blocks, which are among the most 

widely used methods for identifying the pain source. During 

diagnostic blocks, local anesthetics are injected into the joint to 

assess pain relief and confirm the involvement of the targeted 

structure. Once the diagnosis is confirmed, minimally invasive 

interventional procedures with therapeutic purposes may be 

performed, such as intra-articular steroid injections or medial 

branch blocks. Compared with conventional surgical techniques, 

these procedures are associated with lower morbidity. However, 

they require a high degree of precision in instrument handling 

due to the lack of direct visualization of the working area and 

the proximity of vital anatomical structures. Consequently, 

comprehensive theoretical and practical training is required to 

achieve the level of motor coordination and spatial accuracy 

necessary for these interventional procedures, as an improper 

needle trajectory may result in unintended damage to 

anatomical structures along the path to the target tissue [10, 12].

In invasive therapeutic procedures, practice involving human 

volunteers is considered unacceptable. Consequently, alternative 

training strategies are required [14]. Recently, medical simulation 
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has positioned itself as a fundamental tool for professional training 

[15, 16]. Within the health sciences, simulation techniques are 

defined as the use of devices, systems, or controlled environments, 

called simulators, designed to reproduce real clinical conditions for 

the purpose of performing specific practices [17]. Through these 

practices, technical and cognitive skills are acquired, facilitating a 

safe and accelerated learning process [15].

Tissue-simulating phantoms are among the most widely used 

training simulators in the field of medical imaging [11]. These 

phantoms are physical mannequins designed to reproduce specific 

regions of human anatomy and to mimic the acoustic properties 

of real biological tissues [11, 18]. They are imaged using clinical 

ultrasound transducers [19, 20]. However, such phantoms often 

exhibit limited anatomical realism and, more notably, reduced 

durability when subjected to repeated needle punctures [21].

Computer-based US simulators can replicate realistic clinical 

experiences by generating carefully designed, structured scenarios 

in which user interaction is guided and controlled [22]. These 

computer-based US simulators can be classified [17] according to 

the user interaction devices employed, namely, the human– 

machine interface (HMI). Trainees can interact using basic input 

devices, such as a mouse and keyboard, to manipulate virtual 

graphical elements displayed on the screen [23, 24]. Alternatively, 

more advanced simulators incorporate dedicated interaction 

devices intended to replicate those used in real clinical practice, 

including ultrasound probes and needles, both for diagnostic 

exploration and interventional procedures [25]. In this latter group, 

a higher degree of user immersion in the learning environment is 

achieved. However, accurate 3D localization and tracking of the 

interaction devices [17], such as the US probe, are required.

This paper presents the design and educational validation of a 

simulator for ultrasound-guided intervention in lumbar facet 

syndrome, specifically developed for professional training 

purposes. The simulator was constructed using a conceptual 

framework that provides a structured approach for creating 

procedure-specific simulators across multiple clinical specialties 

that utilize ultrasound imaging, thereby addressing the common 

problem of duplication of development efforts [26]. The 

developed simulator incorporates a realistic sensorized replica of 

an ultrasound probe that enhances brain–hand–eye coordination 

of the trainees, as the perception of probe movement and the 

corresponding visual feedback closely recreate sensations 

experienced in real clinical practice. To assess whether this 

simulator offers an authentic user experience that promotes 

cognitive learning of ultrasound-guided interventions for lumbar 

facet syndrome, a comprehensive validation study was 

conducted with final-year medical students, additionally 

evaluating fundamental aspects of human interaction with the 

proposed technological environment.

2 Materials and methods

This section begins with a description of the conceptual design 

underlying the proposed training framework, followed by a 

detailed presentation of its main components. Subsequently, the 

lumbar facet syndrome treatment simulator, developed using 

this framework is described. Finally, the methodology used to 

evaluate the simulator is presented.

2.1 Conceptual overview of the learning 
framework

Most malpractice related to ultrasonography is attributed to 

misinterpretation of images resulting from insufficient skill and 

training [27]. Therefore, future specialists must have at their 

disposal powerful technical resources that allow them to 

practice, first, US-guided anatomical exploration and, second, 

US-guided interventional procedures.

A team of five medical experts, who also serve as educators, 

identified the essential skills required for future specialists in 

US-based interventions. These skills include US image 

acquisition, anatomical interpretation of US images 

(sonoanatomy), needle path planning and brain–hand– 

eye coordination.

Based on these prerequisites, the proposed learning framework 

integrates the following theoretical and practical resources: a US 

image-based simulator for musculoskeletal exploration and 

diagnosis (US-DES), a US treatment simulator (US-TS), a 3D 

anatomical model, and a complete set of multimedia tutorials. 

This framework enables the Dexible and efficient design and 

development of simulators for practicing specific US-guided 

interventional treatments, such as facet joint infiltration.

Conceptual aspects related to specific treatments and 

sonoanatomy are addressed through the tutorial lessons, 

supported by multimedia resources and a powerful visual 

didactic component, including a complete 3D anatomical model. 

Practical training follows a teaching-learning strategy based on 

case analysis, designed by a team of health experts. The student 

can practice these case studies using the two simulators 

(Figure 1), which constitute the core components within 

this framework.

Using the US-DES simulator, the student can train in US 

image acquisition, recognize the spatial correspondence between 

the anatomical features observed in the US image and the 

overall 3D representation of the patient anatomy, and develop 

hand–eye coordination for the visualization of musculoskeletal 

structures. The distinctive feature of the US-DES simulator, 

compared with existing computer-based US simulators, is the 

incorporation of a realistic sensorized replica of a US probe 

(Figure 1a) that the trainee can manipulate in the same manner 

as a real probe. Specifically, the student can move the probe on 

a surface along a planar scan path and then perform rotational 

movements around the three axes along a rotation scan path. 

These movements are captured by the sensors embedded in the 

replica probe. Then, the Virtual Probe window on the computer 

(Figure 1b) reproduces these movements in real time by 

displaying a virtual probe over a photograph of the human 

model corresponding to a given case study. Simultaneously, the 

Sonoanatomy window displays the US images according to the 

pose (position and orientation) of the replica along a planar 

scan path or a rotation scan path.

Using the US-TS simulator, the student can train in US- 

guided interventional procedures to develop practical skills 

related to planning the needle path toward the anatomical 

target, referred to as the needle insertion path. Two virtual 

components will be displayed in the Virtual Needle window of 

the computer interface: a syringe and a needle (Figure 1c). The 

trainee manipulates the syringe using the computer mouse, 
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where they can modify the syringe orientation and, consequently, 

the needle orientation. In the same manner, the trainee can change 

the depth of needle penetration. In the Needle Path window, the 

needle is displayed on a US video of the treatment area, 

reDecting the selected orientation and penetration depth. As a 

learning aid, the musculoskeletal structures of interest are 

highlighted on the US images. In this way, the student can 

visually check whether access to the target structure is feasible 

along a given needle insertion path, with the orientation of the 

syringe-needle assembly fixed.

2.2 Learning framework architecture and 
components

This section first describes the training methodology and data 

management, then the physical ultrasound probe replica, and 

finally the three main software components that integrate the 

learning framework.

The training methodology is based on case studies, with data 

management implemented through eXtensible markup language 

(XML) files. A physical replica of the US probe, developed by 

our research team [28], and equipped with MEMS sensors to 

capture its 3D pose, is brieDy described.

Regarding the software components, the Pose Tracking 

Controller is responsible for estimating the 3D pose of the 

replica in real time to track the movements performed by the 

student. The Visualization Controller reproduces these 

movements on the computer screen via a virtual probe and 

accesses a repository of prerecorded US images, which are 

displayed according to the probe movements. Since a complete 

set of case studies must be developed, the learning framework 

includes a high-level app, Training Case Manager, which enables 

teachers to recreate any medical scenario that uses US technology.

2.2.1 Training methodology and data 
management

The teaching-learning methodology is based on case analysis. 

Therefore, medical experts in the specialty targeted by each 

simulator are responsible for designing and building a set of 

practical cases. First, teachers should prepare a repository of 

visual resources, including photographs of a human model, 

ultrasound images, and illustrations of anatomical slices 

corresponding to the study cases.

Within the learning framework, a file-based data model using 

XML is employed to enable the Dexible definition of the case 

studies. XML is a markup language that defines a set of rules 

for document coding. Its main strength is that it allows 

structured data to be managed and shared among different 

systems, applications, and organizations through a human- 

readable text format, while also providing semantic meaning to 

the stored information. A fundamental advantage of this XML- 

based data model is that training practices can be added, 

modified, or deleted without modifying the software source code.

In the XML files, our own set of rules is defined to configure 

all the resources required for each anatomical exploration practice 

and the treatment procedure in the real clinical scenario. Each 

XML file consists of a list of elements (Figure 2) and attributes 

organized in a hierarchical structure according to the semantics 

of the case study. Specifically, a root element named Practice 

contains the following eight elements: 

• Model: It defines the human model and the scan path, 

including attributes such as the filename of the model 

image, display size, initial virtual probe orientation and 

the set of points defining the scan path.

• Echography: It specifies the stored real US images and their 

format. These US images are displayed during the scan path 

FIGURE 1 

Devices and modules at the simulator for the recreation of realistic experiences. (a) US Probe Real Replica, (b) UD-DES, (c) US-TS.
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execution, including those corresponding to the correct 

treatment sites, as well as the US video on which the 

needle is overlaid during the treatment. Its attributes 

include the US image identifiers, the target treatment 

area, the surrounding area provided as a training aid, the 

needle entry point, the depth of the US images, and the 

video sequences displayed at the correct treatment site in 

both conventional and Doppler modes.

• ROIEchography: It defines the regions of interest (ROIs) on 

the US image associated corresponding to the relevant 

anatomical structures of the case study. Multiple 

ROIEchography elements may be associated with a single 

Echography instance. Its attributes specify the polygonal 

ROI contour and the anatomical structure identification 

parameters (e.g., type, name, color, and font).

• AnatomicalSlice: It specifies the resources associated with 

the anatomical slice illustration, enabling students to 

relate real anatomical structures to those visualized on the 

US image, including the illustration filename and the 

display format.

• ROISlice: It specifies the ROIs on the anatomical slice 

illustration, analogous to ROIEchography for the US image.

• DescriptiveText: Associated with each ROI defined on the 

US image and the AnatomicalSlice, this element provides 

a detailed explanation of each anatomical structure of 

interest. In addition to standard visualization attributes, it 

includes anatomical description attributes (e.g., function, 

innervation).

• Syringe: It defines the syringe attributes for the simulated 

procedure, including its virtual image, the reference 

virtual probe image, the initial puncture point, and the 

insertion side relative to the ultrasound probe.

• 3DModel: It configures the neuromuscular systems and the 

anatomical structures to be displayed in the 3D anatomical 

model for a given practice.

2.2.2 Physical US probe replica

Realistic user immersion in the training technological 

environment is achieved through a physical replica of a real 

transducer, developed by our research team [28]. Motion 

sensing in the replica is performed using MEMS-based sensors, 

such as an inertial measurement unit (IMU) and an optical 

mouse chip. The IMU data enable estimation of the attitude (3D 

orientation) of the probe as the trainee performs rotational 

movements along a rotation scan path. The optical mouse chip 

enables the detection of 2D linear displacements as the student 

performs movements along a planar scan path.

All sensors are housed within a plastic shell, built via additive 

manufacturing and designed to closely replicate the geometry and 

ergonomics of a real US probe.

2.2.3 Pose Tracking Controller

Along a rotation scan path, the Pose Tracking Controller is 

responsible for estimating the three angular orientation 

coordinates of the physical replica in real time to track the 

movements performed by the student. To this end, it acquires 

data from the different IMU sensors and fuses these 

measurements using an extended Kalman filter-based algorithmic 

approach to reduce estimation uncertainty. It periodically sends 

the computed 3D orientation to the Visualization Controller.

Along a planar scan path, the forward–backward and left– 

right linear movements of the probe are converted by the 

optical mouse sensor into displacement signals. These signals 

are processed by the operating system services of the desktop 

computer, allowing the real 2D linear displacements performed 

with the probe replica to be faithfully reproduced on the 

computer screen.

2.2.4 Training Case Manager

To facilitate XML file configuration by teaching experts, the 

technical support team developed a graphical user interface 

(GUI)-based application called Case Training Manager. This 

user-friendly tool enables instructors to create and manage scase 

studies without requiring knowledge of XML encoding. Through 

the GUI, instructors can browse the visual resource repository, 

specify visualization properties and scan paths, and annotate 

anatomical structures of interest directly on images.

The generated XML files and associated multimedia resources 

are organized into case-specific repositories and are later 

processed and interpreted by the Visualization Controller during 

training sessions. Case Training Manager was implemented in 

C++ using the Qt cross-platform framework, ensuring 

compatibility with major operating systems.

2.2.5 Visualization Controller

From the scan path followed by the student while moving the 

probe and from the corresponding practice XML file, the 

Visualization Controller recreates the training replica perceptions 

on the computer screen. First, the information related to the 

virtual patient model (Model element) and the Echography 

element is extracted and displayed in the two visualization 

windows, namely, Virtual Probe and Sonoanatomy, respectively. 

Next, the Visualization Controller visually reproduces the 

movements performed by the user with the probe replica as on- 

screen movements of the virtual probe and with the mouse as 

FIGURE 2 

Conceptual hierarchical structure of the XML files.
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on-screen movements of the virtual syringe and needle, depending 

on the simulator, namely, US-DES and US-TS, as explained below.

In the US-DES simulator, the Visualization Controller 

periodically samples the updated pose information of the probe 

replica at a frequency of 30 Hz, as computed and transmitted by 

the Pose Tracking Controller. Along a linear scan path, the real 2D 

linear coordinates are used to refresh the on-screen position of 

the virtual probe on the model image in the Virtual Probe 

window. In addition, these linear coordinates serve as an index to 

select the corresponding US image from the image repository, as 

defined by the attributes of the Echography element for the linear 

scan path. When this index corresponds to the definition of the 

correct treatment area, the three angular orientation coordinates 

are used to compute the US image index associated with the 

rotation scan path. Thus, as the user rotates the probe, the 

angular orientation coordinates are updated, and the 

corresponding US images are displayed in real time, based on the 

rotational movements captured by the Pose Tracking Controller.

Regarding sonoanatomy, when the US image corresponding to 

the correct treatment area is displayed, the Visualization Controller 

highlights the interactive contours of the ROIs as the user hovers 

the mouse over them. These ROIs correspond to the anatomical 

structures selected by the instructor as relevant for the practice. 

The attributes for the different ROIEchography elements define 

the polyline coordinates and display format of each ROI, the 

ROI type (e.g., nerve, vein, muscle), and the anatomical 

description of the corresponding structure. Similarly, the actual 

anatomical slice defined in the AnatomicalSlice element is 

displayed in an auxiliary window. The interactive contours 

associated with the ROIs are also highlighted on this anatomical 

slice illustration. Using the attributes of the different ROISlice 

elements, the corresponding polylines are visualized according 

to the defined format, thereby enabling clear correspondence 

between the anatomical structures shown in the US image and 

those in the anatomical slice.

For the US-TS simulator, once the correct treatment area is 

reached by following the scan paths with the replica probe, the 

Visualization Controller displays the US video specified by the 

Echography element. From that moment onward, the 

movements performed by the student with the computer mouse 

to modify the syringe orientation and the needle displacement 

are reproduced in the Virtual Needle window.

Regarding the needle path planning, the Visualization Controller 

is responsible for geometrically projecting the needle onto the US 

video displayed in the Needle Path window. In addition, the 

coordinates of the polygonal outlines defined in the 

ROIEchography elements are used. Based on these coordinates, a 

contact test is performed to determine whether the needle 

intersects any ROI. Depending on the anatomical structure type, 

an alert is generated if the needle passes through a forbidden 

ROI. In this way, the student can plan the needle insertion path 

while accounting for the interactive anatomical contours.

2.3 Lumbar facet syndrome treatment 
simulator

This section presents a complete case study in which the 

framework elements are applied and specified to develop a 

training simulator for the treatment of lumbar facet syndrome. 

It then describes how the resulting simulator operates from an 

end-user perspective, enabling the practice of sonoanatomy 

corresponding to a systematic exploration of the lumbar spine 

and the facet block procedure.

Professional interest in training in ultrasound-guided lumbar 

spine blocks is hindered by the difficulty of visualizing the 

spinal sonoanatomy at the lumbar level. Therefore, future 

specialists need to receive training to acquire skills in identifying 

the most relevant sonoanatomy of the lumbar spine and in 

performing systematic procedures for the principal blocks.

The training simulator developed following the proposed 

framework can support practitioners new to the field in learning 

to interpret ultrasound images of the lumbar spine and in 

practicing a systematic approach to performing major lumbar 

spine blocks. To test the validity of the simulator, the training 

procedures for lumbar facet joint blocks for the treatment of 

facet joint (zygapophyseal) syndrome were selected as a case 

study. As reported in previous studies [29–31], following 

epidural corticosteroid injection, lumbar facet blocks represent 

the second most frequently performed interventional procedure 

for the treatment of chronic pain and were likely the first 

application in which ultrasound guidance was described for 

interventional management of lumbar pain.

2.3.1 Visual resources repository for the simulator 
construction

A team of two healthcare experts participated in the design 

and development of the case studies. They compiled a set of 

visual resources such as photographs and US images of a 

human model. The model was a 46-year-old man with no 

reported disorders, who was informed about the study objectives 

and provided written informed consent. The real US images 

were acquired using an ESAOTE Mylab 25 Gold system 

equipped with a convex-array transducer (model CA621) 

operating at of 0.5–1.8 MHz. In addition, US videos 

demonstrating facet joint infiltration procedures were recorded 

as audiovisual training resources. This repository was further 

complemented with illustrations of sectional anatomy slices 

corresponding to the ultrasound region of interest.

2.3.2 Lumbar spine sonoanatomy practice with 
the developed simulator

Before performing any interventional procedure, it is 

necessary to accurately locate and characterize the lumbar facet 

joints using ultrasound imaging. Using the US-DES simulator 

(Figure 3a), students can practice sonoanatomy of the lumbar 

spine by visualizing US slices acquired initially in sagittal scans 

and subsequently in transverse scans.

In the US-DES simulator, all resources required for the 

practice are loaded through the XML file in which the two 

instructors have defined the practice semantics. In the Virtual 

Probe window, a photograph of the lower lumbar spine of the 

human model is displayed in the prone position, with the 

virtual probe initially positioned near the medial region of the 

spine as the target location. As a learning guide, the predefined 

linear scan path is displayed in red. These resources correspond 
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to the data defined by the instructors within the Model element. 

As the trainee performs linear and angular scan paths with the 

probe replica, the virtual probe is displayed on the model 

according to the performed movements. Simultaneously, in the 

Sonoanatomy window, the US slice corresponding to the current 

linear and angular positions relative to the home reference is 

shown. These resources correspond to the data contained within 

the Echography element.

The video (https://youtu.be/1tUCXPz8gFU) shows the 

systematic procedure followed by the students using the 

constructed training simulator.

2.3.3 Lumbar facet block practice with the 
developed simulator

After becoming proficient in recognizing the anatomical echo 

structures of the lumbar spine, the student proceeds to practice the 

ultrasound-guided infiltration procedure. The US-TS simulator 

(Figure 3b) incorporates the functionalities of this procedure 

using a virtual syringe and the replica probe. Also, the visual 

resources are loaded using the XML file created by the 

instructors to define the practice semantics.

As the student moves and rotates the probe replica, a 

color-coded bounding box indicates whether the correct 

target position is far from, near, or within the correct 

treatment site (green in Figure 3b). Once this target position 

is reached, a video is displayed in the Needle Path window 

to provide a realistic moving-image sensation. At this point, 

the trainee can start practicing with the needle and syringe 

displayed in the Virtual Needle window. Using the mouse, 

the student can tilt and translate the syringe, while the 

needle appears in the Needle Path window on the US image, 

with an inclination angle and insertion depth corresponding 

to the mouse movements.

According to the definitions specified by the instructors in the 

corresponding practice XML file, the contours of the most relevant 

echo structures (ROIEchography) are highlighted on the US image. 

In this way the student can identify when either the target 

structure or a critical structure has been reached with the 

needle, and interactive text messages are displayed in the Needle 

Path window.

In the video (min 01:09) available at the referenced web link, 

when the characteristic “double hump” pattern is visualized, the 

US image is framed with a green rectangle, indicating the 

correct site for the lumbar facet block. Moreover, the 

hyperechogenic area corresponding to the facet joint is defined 

as the target ROIEchography, so it is delimited by a green 

polygonal contour. Conversely, structures such as transverse 

processes, laminae, vertebral bodies, and vessels are outlined in 

red to indicate critical structures to be avoided during needle 

insertion. This visual guidance allows the student to visually 

check, in real time, whether the planned needle insertion path is 

anatomically feasible and safe.

2.4 Training simulator evaluation 
methodology

This section describes the methodology used to validate the 

training simulator through an ad hoc questionnaire completed 

by medical students, focused mainly on the US probe and the 

graphical user interface. The simulator, incorporating the real 

haptic probe, was evaluated at the Pain Unit of the Assistential 

University Complex of Salamanca (Spain). A total of 18 medical 

students practiced an ultrasound-guided anatomical exploration. 

All participants voluntarily provided written informed consent 

prior to their participation, in accordance with ethical 

requirements for research involving human subjects. The study 

design was reviewed and approved by the coordination of the 

Department of Surgery of the Medical Degree at the University 

of Salamanca. According to institutional guidelines, no formal 

ethics committee approval was required for this educational 

study involving anonymous questionnaires and 

voluntary participation.

The evaluation protocol began with a presentation by an 

anesthesiologist with more than 30 years of clinical experience, 

who explained the operation of the application and its GUI, as 

well as the capabilities of the haptic probe. Subsequently, the 

objective of the practical exercise was described. Students were 

instructed to perform a systematic exploration, either in 

transverse or sagittal orientation, under US guidance until the 

correct site was found. In both approaches, the students were 

FIGURE 3 

Final views of the US image-based treatment simulator: (a) US-DES simulator and (b) US-TS simulator.
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required to perform the linear scan path and angular scan path 

with the probe replica to identify the sono-structures of interest.

Once the medical students had completed the learning 

experience, they evaluated the simulator using an ad hoc 

questionnaire designed to assess their perceptions of the experience 

with the haptic probe. The content of the questionnaire was 

validated by five experts with more than 15 years of experience in 

the use of simulators in an educational environment.

The questionnaire was designed to evaluate five specific 

dimensions: (1) the student profile and prior experience with 

medical imaging and simulation technologies; (2) perceived 

learning outcomes and skill acquisition during the training 

session; (3) the realism and usability of the probe replica, 

including its external appearance and functionality; (4) the 

evaluation of the GUI, considering navigability, image quality, 

and user support; and (5) the overall evaluation of the 

simulator’s impact on the learning process and user motivation. 

The responses were collected via online questionnaires, 

completed anonymously to ensure unbiased feedback. 

Descriptive quantitative analysis was conducted on the closed- 

ended responses, while qualitative analysis was applied to the 

open-ended questions to obtain more detailed insights.

3 Results

The results of the students’ evaluations, collected through the 

questionnaire, are presented according to the five previously 

defined dimensions. The first dimension (Figure 4) aimed to 

characterize the profile of the students. The results reDected a 

moderate level of computer science proficiency, with only one 

student reporting a single previous medical learning experience 

in US-based simulation technological environments and a 

minimal previous experience in US imaging, with only two 

students having worked one or two times with US imaging.

For the second dimension, students were asked to rate the level 

of learning achieved (Figure 5). In terms of skill acquisition, 89% of 

the students reported that the simulator accelerated the acquisition 

of practical skills for the US examination and rated this aspect as 

Very satisfied, while the remaining 11% rated it as Satisfied. 

Similar percentages were obtained for the item related to training 

and familiarity when identifying the anatomical structures in US 

images. Both assessments are further supported by the fact that 

50% of the students rated the realism of the learning experience 

as Very satisfied and the remaining 50% as Satisfied.

Regarding the usefulness of the simulator in increasing 

motivation to study the presented concepts, 83% expressed a 

Very satisfied opinion, while 17% reported being Satisfied. 

Regarding the overall assessment of the learning process, 94% of 

the students rated the simulator as Very satisfied as an 

innovative resource that facilitates autonomous training for the 

studied technique, while the remaining 6% rated it as Satisfied.

The third dimension focused on aspects related to the realism 

of the probe replica (Figure 6). Concerning the similarity between 

the external appearance of the replica and a real probe, 83% of the 

students rated it as Very satisfied, while the remaining 17% rated it 

as Satisfied. In terms of usability, 56% considered usability of the 

replica as Very satisfied, while the remaining 44% rated it as 

Satisfied. Maneuverability during angular and linear scan path 

was rated as Very satisfied or Satisfied by 72% of the students 

and as Normal by the remaining 28%.

The fourth dimension evaluates the GUI application 

supporting the learning simulator. As shown in Figure 7, the 

navigability and image and video quality of the app and the 

usefulness of the help instructions were rated as Excellent or 

Good by most of the students, and only 6% indicated that the 

help interface was an aspect requiring improvement.

Regarding the overall rating of this medical training simulator 

as a whole (Figure 8) and the likelihood of recommending it to a 

colleague, 100% of the students assigned the highest rating.

To allow students to express their opinions freely, two open- 

ended questions were included. Regarding the first open-ended 

question, “What aspects of this learning experience do you 

consider positive or remarkable?,” the most representative student 

responses highlighted several key advantages of the simulator: 

• Possibility of repeated practice without requiring a model 

or patient: “Working with a machine allows you to repeat 

FIGURE 4 

Students previous experience at ICT and simulation.
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FIGURE 5 

Learning achievement evaluations.

FIGURE 6 

Replica realism ratings.

FIGURE 7 

Evaluations of the graphical user interface of the app.
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scans as many times as you want without requiring the 

collaboration of a model or patient.”

• Reduction of performance pressure: “To be able to practice 

alone without the pressure of doing it in front of a doctor 

hurrying or in front of a patient.”

• Realism of the equipment: “To be able to learn with 

equipment similar to the real thing.”

• Realism of the visualization: “The fact that it represents 

what you will see is very helpful in preparing you for the 

real situation.”

• Fidelity of the simulated exploration: “Simulation 

approximates the structures and exploration reality.”

• Improved familiarity with ultrasound interpretation and 

probe handling: “I consider it useful to be able to handle 

a simulator prior to being with a patient to become 

familiar with the visualization of the ultrasound image 

and the operation of the probe simultaneously.”

• Effective first contact with US imaging: “Very useful as a 

first contact with echography.”

• Reinforcement of theoretical knowledge: “To be able to 

review the knowledge we have been taught in the 

classroom by means of the simulator, being able to do it 

in depth.”

• Facilitator of practical learning: “More practical learning.”

Regarding the second open-ended question, “Which aspects from 

this learning experience do you see as negative and possible 

improvements?,” the following responses are highlighted: 

• Restricted visualization range: “Only images of the areas 

within the path are visible.”

• Need for additional US images from adjacent regions: 

“Addition of images from adjacent areas, to make it more 

difficult to locate the study area”; “I would add more US 

slice on each of the explorations as well as out-of-area 

images to get a more close-to-reality experience.”

• Limited tactile feedback due to the absence of a real patient: 

“The fact that it’s not a real person in some ways it limits 

what you can visualize and the overall experience. You 

lose the pressure and the reliefs.”

• Improvements in probe interaction: “The sensitivity of the 

probe needs to be improved, but in general the response is 

good”; “I would like the probe to detect pressure, I know it’s 

a complex one.”

• Improvements in usability: “The scroll pad could be a little 

larger for more comfort.”

• Expansion of training content: “That more anatomical 

areas can be practiced in the future”; “I hope that their 

use can be extended to improve the learning process of 

ultrasound techniques.”

Despite these limitations and suggestions for improvement, 

students expressed strong support for the continued 

development and broader adoption of the simulator “I sincerely 

believe that this type of learning is much more useful than the 

theoretical, so I encourage you to continue progressing and 

improving the technology and applying it to all possible areas” 

and emphasized its potential curricular value “They should 

supplement the radiology course with this type of simulator. 

That would be a great end.”

4 Discussion

This section provides a discussion of the presented work from 

two complementary perspectives: that of the student, emphasizing 

usability, perceived learning outcomes, and learning experience 

realism, and that of the instructor, focusing on training design, 

case preparation, and skill acquisition.

4.1 From the student experience point of 
view

The evaluation results indicate that the proposed simulator is a 

useful training tool for US-guided procedures, with students 

reporting a positive reception in terms of usability and learning 

FIGURE 8 

Global simulator performance evaluation.
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support. High levels of student satisfaction across all five evaluated 

dimensions demonstrate its capacity to facilitate cognitive learning, 

skill acquisition, and student motivation and participation. In 

particular, the realism of the probe replica, the quality of the GUI 

app, and the guided learning process were identified as key 

factors contributing to a positive learning experience. The 

qualitative feedback further supports these findings, highlighting 

the benefits of repeated autonomous practice, reduced procedural 

stress for students when practicing under instructor supervision 

or with a patient, and improved familiarity with US image 

interpretation and probe handling. Although certain limitations 

were identified, such as restricted tactile feedback and limited 

visualization range, these aspects were perceived as opportunities 

for future enhancement rather than barriers to learning. Overall, 

the simulator was strongly valued as a complementary training 

resource with high potential for integration into medical 

curricula, reinforcing its role as a valuable bridge between 

theoretical instruction and real clinical practice.

It should be noted that the evaluation focuses on learner 

perceptions and training support rather than on direct clinical 

performance or comparative assessment with other training 

modalities. Consequently, the reported findings should be 

interpreted within a formative and educational context, rather than 

as evidence of clinical equivalence with real US-guided procedures.

Previous studies have explored a wide range of training 

modalities for US-guided procedures, each emphasizing different 

aspects of the learning process. Tissue-simulating phantoms [18] 

primarily focus on reproducing the acoustic properties of biological 

tissues, offering high realism in image formation but limited 

Dexibility and durability. Purely software-based simulators and 

web-based platforms [22] emphasize accessibility and scenario 

variability, often at the expense of realistic probe handling and 

reproduction of clinical gestures. More immersive approaches 

based on virtual environments [32] prioritize visual immersion and 

spatial understanding, while mechanical haptic interfaces provide 

precise motion tracking and force feedback but may constrain 

natural probe manipulation. In contrast, the approach presented in 

this work is positioned as a solution that prioritizes preservation of 

the clinical gesture and brain–hand–eye coordination, while 

maintaining Dexibility in case definition and scenario design.

4.2 From the teaching experience point of 
view

There is no doubt that the success of a simulator largely 

depends on the quality of the learning resources and the scope 

of the training cases [33].

With regard to the learning resources, a fundamental 

requirement is the involvement of clinical specialists who 

provide expert knowledge to construct high-quality practical 

training cases, as well as the theoretical tutorial content 

supported by multimedia resources. When incorporating new 

training case studies, instructors must address the cumbersome 

task of preparing appropriate learning resources. Among these, a 

database of US images related to the case studies should be 

available and a clear correspondence between structures in 

ultrasound images and those in real anatomical illustrations 

must be established.

In this project, we employed one of the most common and 

realistic method for simulating 2D US images by interpolating 

3D US volumes previously acquired from real subjects. Once the 

US videos are recorded, it is necessary to filter the frames, as 

real-time exploration may yield some frames that are not 

suitable for constructing the intended practice. In addition, these 

resources consume a significant disk space, requiring instructors 

to balance image quality and storage efficiency. This process 

involves selecting frames that accurately represent key 

anatomical structures while ensuring that the dataset remains 

manageable in size for practical use in educational environments.

Recording the US image database and establishing the 

geometric correspondence [33] between the US images and the 

points along the linear and angular scan paths in the patient 

coordinate system remain time-consuming and cumbersome 

tasks that must be performed by the instructor. By using XML 

together with the developed application Case Training Manager, 

the construction of case studies within the framework is 

significantly facilitated and made more Dexible. A potential 

solution to further simplify the work of the instructor in 

constructing the training cases might be to use synthetic US 

images generated by computational models that simulate 

ultrasound wave propagation phenomena (reDection, refraction, 

scattering, and absorption) within a 3D anatomical graphical 

representation. Moreover, variations in parameters associated 

with the ultrasound scanner, such as frequency, depth, gain, and 

focus, can be incorporated in these synthetic US images, which 

is not feasible in a real US repository due to the significant 

recording effort involved. Nevertheless, the proposed framework 

is equally applicable to repositories of synthetic US images 

generated by these methods when applied to educational 

medical databases available, such as Visible Human, or 

synthesized from clinical databases from other medical imaging 

sources such as CT or MRI.

The proposed simulator has been designed by medical experts, 

which has been crucial for ensuring a realistic training experience 

across key aspects of the design, particularly in the design of the 

human–machine interface, which is fundamental for effective 

visual feedback, and in the sensitivity configuration of the probe 

replica to achieve true-to-life behavior.

It is also essential that the experts evaluate the simulator in 

terms of the fidelity to the learning experience. In this study, 

qualitative feedback was collected from seven experts through 

oral interviews. In all cases, the experts expressed high 

satisfaction with the realism of the learning experience and its 

strong applicability as a complementary training resource for 

acquiring the skills needed for US image-based diagnostics, 

clearly emphasizing the need to practice on a real ultrasound 

scanner. Nevertheless, future work should focus on obtaining 

more objective and quantitative expert assessments, as stated in 

[34]. The experts also highlighted the importance of 

incorporating a real needle into the simulator to achieve a more 

realistic sensation in interventional procedure training. This 

represents an ongoing research direction that we plan to address 

in the near future, thanks to the expertise gained in the probe 

attitude estimation using the developed US replica.

In line with this need for rigorous assessment, it is important 

to note that the evaluation conducted with students focused 

solely on the US-guided simulator, not the underlying 
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framework. While a qualitative evaluation by experts was 

performed, as previously described, a formal evaluation 

methodology, such as Design Science Research, was not used. 

The expert validation provided useful insights, but the lack of a 

structured, formal evaluation approach limits the ability to 

assess the overall effectiveness of the framework. Future work 

should apply more rigorous methodologies to evaluate both the 

simulator and the framework.

5 Conclusions

This work presents the design, implementation, and validation 

of a training simulator for ultrasound-guided lumbar facet 

syndrome treatment, developed within a modular learning 

framework aimed at supporting the construction of procedure- 

specific simulators. The proposed solution integrates a realistic 

probe replica with a desktop-based visualization system, 

enabling trainees to practice probe manipulation, sonoanatomy 

interpretation, and interventional planning in a controlled and 

repeatable environment.

The evaluation conducted with final-year medical students 

indicates a high level of acceptance in terms of usability, 

realism, and perceived learning support, suggesting that the 

simulator enables repeated autonomous practice, reduces 

procedural stress when students subsequently perform 

techniques under instructor supervision or with real patients, 

and improves familiarity with ultrasound image interpretation 

and probe handling. Student feedback further confirms that the 

simulator constitutes a valuable educational tool for 

introductory and complementary training in ultrasound-guided 

procedures. These results support the suitability of the proposed 

approach for facilitating the acquisition of essential cognitive 

and motor skills prior to clinical practice.

Despite these promising results, several aspects remain open 

for further development, including the systematic evaluation of 

the underlying framework using formal methodologies, the 

incorporation of objective performance metrics, the integration 

of additional sensory feedback into the probe replica, and the 

incorporation of a sensorized real needle. Addressing these 

aspects will strengthen both the educational impact and the 

general applicability of the proposed framework.

Data availability statement

The original contributions presented in the study are included 

in the article, further inquiries can be directed to the 

corresponding author.

Ethics statement

Written informed consent was obtained from the individual(s) 

for the publication of any potentially identifiable images or data 

included in this article.

Author contributions

BC: Conceptualization, Data curation, Formal analysis, 

Investigation, Methodology, Resources, Supervision, 

Visualization, Writing – original draft, Writing – review & 

editing. VM: Conceptualization, Data curation, Formal analysis, 

Investigation, Methodology, Project administration, Resources, 

Supervision, Writing – original draft, Writing – review & 

editing. J-AG-E: Investigation, Resources, Software, 

Visualization, Writing – review & editing. DS-P: Investigation, 

Resources, Validation, Writing – review & editing. PA: 

Conceptualization, Resources, Validation, Visualization, 

Writing – review & editing. FZ: Conceptualization, 

Investigation, Resources, Validation, Visualization, Writing – 

review & editing.

Funding

The author(s) declared that financial support was received for 

this work and/or its publication. J-AG-E received a grant from the 

University of Salamanca in support of this research. This work was 

supported by predoctoral and postdoctoral fellowships cofunded 

by the University of Salamanca and Santander Bank.

Acknowledgments

The authors would like to thank the University of Salamanca 

and CAUSA for their support throughout this work.

Conflict of interest

The author(s) declared that this work was conducted in the 

absence of any commercial or financial relationships that could 

be construed as a potential conDict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 

article has been generated by Frontiers with the support of 

artificial intelligence and reasonable efforts have been made to 

ensure accuracy, including review by the authors wherever 

possible. If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed 

or endorsed by the publisher.

Curto et al.                                                                                                                                                             10.3389/fdgth.2026.1761690

Frontiers in Digital Health 12 frontiersin.org

https://doi.org/10.3389/fdgth.2026.1761690


References

1. Bhagra A, Tierney DM, Sekiguchi H, Soni NJ. Point-of-care ultrasonography for 
primary care physicians and general internists. Mayo Clin Proc. (2016) 
91(12):1811–27. doi: 10.1016/j.mayocp.2016.08.023

2. Alexander M, Montalbano MJ, Loukas M. Learning anatomy with radiology: a 
systematic review. Clin Anat. (2025). doi: 10.1002/ca.70048

3. Apard T. The emerging field of ultrasound-guided nerve decompression surgery: 
a narrative review. Int Orthop. (2025) 49(4):935–41. doi: 10.1007/s00264-025-06418-2

4. Bianchi S, Beaulieu JY, Poletti PA. Ultrasound of the ulnar-palmar region of the 
wrist: normal anatomy and anatomic variations. J Ultrasound. (2020) 23(3):365–78. 
doi: 10.1007/s40477-020-00468-5

5. Del Cura JL, Zabala R, Corta I. Intervencionismo guiado por ecografía: lo que todo 
radiólogo debe conocer. Radiología. (2010) 52(3):198–207. doi: 10.1016/j.rx.2010.01.014

6. Carrera KG, Hassen G, Camacho-Leon GP, Rossitto F, Martinez F, Debele TK. The 
benefits and barriers of using point-of-care ultrasound in primary healthcare in the 
United States. Cureus. (2022) 14(8):e28373. doi: 10.7759/cureus.28373

7. Chen WT, Kang YN, Wang TC, Lin CW, Cheng CY, Suk FM, et al. Does 
ultrasound education improve anatomy learning? Effects of the parallel ultrasound 
hands-on (PUSH) undergraduate medicine course. BMC Med Educ. (2022) 
22(1):207. doi: 10.1186/s12909-022-03255-4

8. Pomero F, Dentali F, Borretta V, Bonzini M, Melchio R, Douketis JD, et al. 
Accuracy of emergency physician-performed ultrasonography in the diagnosis of 
deep-vein thrombosis: a systematic review and meta-analysis. Thromb Haemost. 
(2013) 109(1):137–45. doi: 10.1160/TH12-07-0473

9. Barbera P, Campo I, Derchi LE, Bertolotto M. Emergency ultrasound in trauma 
patients: beware of pitfalls and artifacts!. J Emerg Med. (2021) 60(3):368–76. 
doi: 10.1016/j.jemermed.2020.10.007

10. Adhikary SD, Hadzic A, McQuillan PM. Simulator for teaching hand-eye 
coordination during ultrasound-guided regional anaesthesia. Br J Anaesth. (2013) 
111(5):844–5. doi: 10.1093/bja/aet364

11. Satapathy AR, Khalid IB, Fathil SM. Simulation in regional anaesthesia: a 
narrative review of its history, evolution and future prospects. J Clin Med. (2025) 
14(1):67. doi: 10.3390/jcm14010067

12. Alter KE, Karp BI. Ultrasound guidance for botulinum neurotoxin 
chemodenervation procedures. Toxins. (2018) 10(1):18. doi: 10.3390/toxins10010018

13. Latini E, Curci ER, Nusca SM, Lacopo A, Musa F, Santoboni F, et al. Medical 
ozone therapy in facet joint syndrome: an overview of sonoanatomy, ultrasound- 
guided injection techniques and potential mechanism of action. Med Gas Res. 
(2021) 11(4):145–51. doi: 10.4103/2045-9912.318859

14. Al-Redouan A, Dudin A, Urbanek AJ, Olsson E, Kachlik D. Visible human project 
based applications can prompt integrating cross-sectional anatomy into the medical 
school curriculum when combined with radiological modalities: a three-year cross- 
sectional observational study. Ann Anat. (2025) 257:152357. doi: 10.1016/j.aanat. 
2024.152357

15. Wu Q, Wang Y, Lu L, Chen Y, Long H, Wang J. Virtual simulation in 
undergraduate medical education: a scoping review of recent practice. Front Med. 
(2022) 9:855403. doi: 10.3389/fmed.2022.855403

16. So HY, Chen PP, Wong GKC, Chan TTN. Simulation in medical education. J 
R Coll Physicians Edinb. (2019) 49(1):52–7. doi: 10.4997/JRCPE.2019.112

17. Blum T, Rieger A, Navab N, Friess H, Martignoni M. A review of computer-based 
simulators for ultrasound training. Simul Healthc. (2013) 8(2):98–108. doi: 10.1097/ 
SIH.0b013e31827ac273

18. Armstrong SA, Jafary R, Forsythe JS, Gregory SD. Tissue-mimicking 
materials for ultrasound-guided needle intervention phantoms: a 
comprehensive review. Ultrasound Med Biol. (2023) 49(1):18–30. doi: 10.1016/ 
j.ultrasmedbio.2022.07.016

19. Liu A, Tendick F, Cleary K, Kaufmann C. A survey of surgical simulation: 
applications, technology, and education. Presence. (2003) 12(6):599–614. doi: 10. 
1162/105474603322955905

20. Matveevskii AS, Gravenstein N. Role of simulators, educational programs, and 
nontechnical skills in anesthesia resident selection, education, and competency 
assessment. J Crit Care. (2008) 23(2):167–72. doi: 10.1016/j.jcrc.2007.11.009

21. Ashokka B, Siu-Chun L, Areti A, Burckett-St Laurent D, Zuercher RO, Chin 
K-J, et al. Educational outcomes of simulation-based training in regional 
anaesthesia: a scoping review. Br J Anaesth. (2025) 134(2):523–34. doi: 10.1016/ 
j.bja.2024.07.037

22. Agostino S, Daga MA, Novello F, Daga FA, Papotti G, Veglio F, et al. Evaluating 
the efficacy of a cost-effective PC-based tool as an equivalent alternative to traditional 
ultrasound simulators in medical education. Anat Sci Educ. (2025) 18(11):1203–14. 
doi: 10.1002/ase.70115

23. Lewiss RE, Hoffmann B, Beaulieu Y, Phelan MB. Point-of-care ultrasound 
education: the increasing role of simulation and multimedia resources. 
J Ultrasound Med. (2014) 33(1):27–32. doi: 10.7863/ultra.33.1.27

24. Dietrich CF, Lucius C, Nielsen MB, Burmester E, Westerway SC, Chu CY, et al. 
The ultrasound use of simulators, current view, and perspectives: requirements and 
technical aspects (WFUMB state of the art paper). Endosc Ultrasound. (2023) 
12(1):38–49. doi: 10.4103/EUS-D-22-00197

25. Canty DJ, Hayes JA, Story DA, Royse CF. Ultrasound simulator-assisted teaching 
of cardiac anatomy to preclinical anatomy students: a pilot randomized trial of a 
three-hour learning exposure. Anat Sci Educ. (2015) 8(1):21–30. doi: 10.1002/ase. 
1452

26. Allard J, Cotin S, Faure F, Bensoussan PJ, Poyer F, Duriez C, et al. SOFA–an open 
source framework for medical simulation. Stud Health Technol Inform. (2007) 
125:13–8.

27. Hani S, Chalouhi G, Lakissian Z, Sharara-Chami R. Introduction of ultrasound 
simulation in medical education: exploratory study. JMIR Med Educ. (2019) 5(2): 
e13568. doi: 10.2196/13568

28. Moreno V, Curto B, Garcia-Esteban JA, Hernández Zaballos F, Alonso 
Hernández P, Serrano FJ. HUSP: a smart haptic probe for reliable training in 
musculoskeletal evaluation using motion sensors. Sensors. (2019) 19(1):101. doi: 10. 
3390/s19010101

29. Ortega-Romero A, Domingo-Rufes T, Maryem-Fama I, Mayoral V. Ultrasound- 
guided interventional procedures for lumbar pain. Tech Reg Anesth Pain Manage. 
(2013) 17(3):96–106. doi: 10.1053/j.trap.2014.01.013

30. Greher M, Kirchmair L, Enna B, Kovacs P, Gustorff B, Kapral S, et al. Ultrasound- 
guided lumbar facet nerve block: accuracy of a new technique confirmed by 
computed tomography. Anesthesiology. (2004) 101(5):1195–200. doi: 10.1097/ 
00000542-200411000-00020

31. Manchikanti L, Abdi S, Atluri S, Benyamin RM, Boswell MV, Buenaventura RM, 
et al. An update of comprehensive evidence-based guidelines for interventional 
techniques in chronic spinal pain. Part II: guidance and recommendations. Pain 
Physician. (2013) 16(2 Suppl):49–283.

32. Olivares A, Schuhler-Husson C, Zine Y, Drouin S. Comparative evaluation of 
ultrasound-guided peripheral intravenous catheter insertion techniques in a virtual 
reality simulator. Healthc Technol Lett. (2026) 13(1):e70040. doi: 10.1049/htl2.70040

33. Ehricke HH. SONOSim3D: a multimedia system for sonography simulation and 
education with an extensible case database. Eur J Ultrasound. (1998) 7(3):225–30. 
doi: 10.1016/s0929-8266(98)00033-0

34. Pape-Koehler C, Immenroth M, Sauerland S, Lefering R, Lindlohr C, Toaspern J, 
et al. Multimedia-based training on Internet platforms improves surgical 
performance: a randomized controlled trial. Surg Endosc. (2013) 27(5):1737–47. 
doi: 10.1007/s00464-012-2672-y

Curto et al.                                                                                                                                                             10.3389/fdgth.2026.1761690

Frontiers in Digital Health 13 frontiersin.org

https://doi.org/10.1016/j.mayocp.2016.08.023
https://doi.org/10.1002/ca.70048
https://doi.org/10.1007/s00264-025-06418-2
https://doi.org/10.1007/s40477-020-00468-5
https://doi.org/10.1016/j.rx.2010.01.014
https://doi.org/10.7759/cureus.28373
https://doi.org/10.1186/s12909-022-03255-4
https://doi.org/10.1160/TH12-07-0473
https://doi.org/10.1016/j.jemermed.2020.10.007
https://doi.org/10.1093/bja/aet364
https://doi.org/10.3390/jcm14010067
https://doi.org/10.3390/toxins10010018
https://doi.org/10.4103/2045-9912.318859
https://doi.org/10.1016/j.aanat.2024.152357
https://doi.org/10.1016/j.aanat.2024.152357
https://doi.org/10.3389/fmed.2022.855403
https://doi.org/10.4997/JRCPE.2019.112
https://doi.org/10.1097/SIH.0b013e31827ac273
https://doi.org/10.1097/SIH.0b013e31827ac273
https://doi.org/10.1016/j.ultrasmedbio.2022.07.016
https://doi.org/10.1016/j.ultrasmedbio.2022.07.016
https://doi.org/10.1162/105474603322955905
https://doi.org/10.1162/105474603322955905
https://doi.org/10.1016/j.jcrc.2007.11.009
https://doi.org/10.1016/j.bja.2024.07.037
https://doi.org/10.1016/j.bja.2024.07.037
https://doi.org/10.1002/ase.70115
https://doi.org/10.7863/ultra.33.1.27
https://doi.org/10.4103/EUS-D-22-00197
https://doi.org/10.1002/ase.1452
https://doi.org/10.1002/ase.1452
https://doi.org/10.2196/13568
https://doi.org/10.3390/s19010101
https://doi.org/10.3390/s19010101
https://doi.org/10.1053/j.trap.2014.01.013
https://doi.org/10.1097/00000542-200411000-00020
https://doi.org/10.1097/00000542-200411000-00020
https://doi.org/10.1049/htl2.70040
https://doi.org/10.1016/s0929-8266(98)00033-0
https://doi.org/10.1007/s00464-012-2672-y
https://doi.org/10.3389/fdgth.2026.1761690

	A professional training simulator for skill acquisition in ultrasound-guided lumbar facet syndrome intervention: design and educational evaluation
	Introduction
	Materials and methods
	Conceptual overview of the learning framework
	Learning framework architecture and components
	Training methodology and data management
	Physical US probe replica
	Pose Tracking Controller
	Training Case Manager
	Visualization Controller

	Lumbar facet syndrome treatment simulator
	Visual resources repository for the simulator construction
	Lumbar spine sonoanatomy practice with the developed simulator
	Lumbar facet block practice with the developed simulator

	Training simulator evaluation methodology

	Results
	Discussion
	From the student experience point of view
	From the teaching experience point of view

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


