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Abstract
Neurosurgery increasingly employs Mixed Reality (MR) to support procedures such as External Ventricular Drain (EVD) 
placement, a task that requires high spatial accuracy, real-time anatomical orientation, and precise trajectory planning. To 
address these challenges, we present NeuroMix, an MR-based simulator designed to strengthen independent procedural 
skills without relying on intraoperative visual aids. After an initial pilot study with 10 participants, we conducted a full-
scale experiment with 36 medical residents to evaluate three training modalities: CT-only (No Aid), CT with 2D overlay 
(2D Aid), and CT with 2D overlay plus animated 3D trajectory guidance (2D–3D Aid). All training was performed in a 
virtual environment using Meta Quest 3, followed by an unaided testing phase in which participants executed EVD place-
ment on a physical phantom using real instruments. An additional control group of 12 residents received no MR training. 
Our findings show that participants trained with combined 2D–3D visual aids achieved a 44% improvement in targeting 
precision during unaided testing compared to the control group, significantly outperforming the other training modalities. 
Crucially, the combination of 2D and 3D visual aids improved retention of spatial knowledge without increasing cognitive 
workload or reducing usability. These results demonstrate that immersive MR training can effectively foster procedural 
skill retention in realistic, unaided execution, bridging a critical gap in current surgical education systems.

Keywords  Mixed reality · Neurosurgical training · External ventricular drainage · Catherer placement · Visual aids · 
Skill retention
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1  Introduction

Augmented Reality (AR) and Mixed Reality (MR) tech-
nologies are revolutionizing medical education and intra-
operative assistance (Giraldo et al. 2025). The application 
of experiential training for medical students and residents 
involves the use of immersive and interactive simulators, 
eliminating the need for cadaver practice and thereby avoid-
ing inherent ethical concerns (James 2020). During surgery, 
AR/MR systems overlay virtual anatomical information or 
guidance visual cues onto the real operative field, allowing 
surgeons to visualize target structures and optimal trajecto-
ries in situ (Colombo et al. 2023; Kazemzadeh et al. 2023). 
These intuitive and real-time visual aids have the potential 
to enhance intraoperative navigation and reduce the cogni-
tive load of correlating imaging with patient anatomy (Isi-
kay et al. 2024), and to improve surgical accuracy (Lungu 
et al. 2021).

External Ventricular Drain (EVD) placement (or ventric-
ulostomy) is a critical neurosurgical procedure that stands to 
benefit from AR/MR technologies. The procedure involves 
inserting a catheter into the brain’s ventricular system for 
CerebroSpinal Fluid (CSF) drainage, to relieve intracranial 
pressure  (Anatomy 2023). The surgeon identifies the cor-
rect entry point on the skull (commonly Kocher’s point), 
performs a burr hole craniotomy, opens the dura mater, 
and carefully advances the catheter through brain tissue 
into the lateral ventricle (commonly the Monro’s foramen 
is the target point), ensuring proper depth and trajectory 
to avoid complications. This procedural task is typically 
performed freehand at the bedside, using anatomical land-
marks to identify the ventricular targets (Anatomy 2023; 
Flint et al. 2013). However, this blind technique has some 
limitations, e.g. catheter misplacement occurs in up to 60% 
of cases (Alizadeh et al. 2024). These misplacements result 
in inadequate CSF drainage but may also lead to other com-
plications, potentially necessitating multiple repositioning 
attempts, each carrying added risk. The high error rate of 
the freehand approach underscores the clinical need for bet-
ter guidance tools in ventriculostomy. A possible alternative 
to freehand catheter placement, already employed in clinical 
practice, is the use of neuronavigation systems (Gumprecht 
et al. 1999; AlAzri et al. 2017). These systems rely on the 
real-time alignment of preoperative Computer Tomography 
(CT) or Magnetic Resonance Imaging (MRI) scans with 
the patient’s physical anatomy via fiducial markers and/
or surface registration. The surgical instruments are then 
tracked (typically via optical or electromagnetic sensors), 
allowing the clinicians to visualize the catheter’s position 
and trajectory on a monitor. The literature indicates that 
when residents perform EVD placement under neuronavi-
gation guidance, they achieve significantly higher accuracy 

compared to the conventional freehand approach  (AlAzri 
et al. 2017). Despite their effectiveness, these systems are 
often costly, require substantial setup time, are not always 
available in emergency contexts, and there is a potential risk 
that overreliance on such technology may hinder the devel-
opment of skill retention (AlAzri et al. 2017).

This underscores the need for training systems that not 
only enhance performance but also promote skill retention. 
To this end, AR/MR technologies have proven to be highly 
effective in a range of training-intensive domains, includ-
ing procedural operations, technical maintenance, and 
complex assembly tasks  (Kaplan et  al. 2021; Daling and 
Schlittmeier 2024; Borsci et al. 2015). A key characteristic 
of procedural tasks in the medical domain lies in the nature 
of the visual data involved. For example, unlike operators 
engaged in assembly or maintenance tasks, where 2D rep-
resentations are typically schematic, symbolic, and stan-
dardized  (Agrawala et al. 2003; Katsioloudis et al. 2014), 
medical professionals must interpret CT scans (Kazemza-
deh et al. 2023; Durrani et al. 2022) that portray complex, 
patient-specific internal anatomy. These 2D images are 
not abstract representations, but real cross-sections of ana-
tomical structures that vary from individual to individual 
(Krabbe-Hartkamp et al. 1998). Accordingly, clinicians are 
required to conduct complex spatial reasoning, combine 
information across various planes, and make precise judg-
ments in conditions of uncertainty and clinical risk (Sidhu 
et al. 2004; Yohannan et al. 2024).

This complexity makes the design of medical AR/MR 
training interfaces especially crucial, as they must support 
intuitive spatial reasoning, reinforce procedural steps, and 
promote skill retention for accurate performance in unaided 
scenarios. Within this scope, visual aids such as contex-
tual overlays, annotations, ghosted objects, and animated 
instructions (Lin et al. 2021; Hajahmadi et al. 2024) play a 
crucial role in enhancing user understanding and task exe-
cution (Krüger et al. 2022; Tang et al. 2020).

The present study evaluates NeuroMix, an MR simulator 
for EVD placement, involving medical residents with basic 
neuroimaging knowledge but no prior hands-on experience 
with the procedure. We compare three distinct learning 
modalities, namely No Aid, 2D Aid, and 2D-3D Aid, where 
users perform the EVD procedure virtually. In the No Aid 
mode, no visual assistance is provided beyond the standard 
CT scans. The 2D Aid mode leverages design conventions 
from clinical neuronavigation systems (Gumprecht et  al. 
1999; AlAzri et  al. 2017). Axial, coronal, and sagittal CT 
slices are displayed to the user, along with the real-time pro-
jection of a virtual catheter overlying the imaging planes to 
support trajectory planning. The 2D-3D Aid modality builds 
on the previous one by adding a 3D animated guide that 
shows the correct placement of the virtual catherer in space. 
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Following the training session, all participants undergo a 
testing phase in which they are asked to perform the EVD 
procedure using a real catheter on a phantom skull, without 
access to MR-based visual guidances. A separate Control 
group, which undergoes the familiarization process with the 
technology but does not receive the training, completes only 
the testing phase, allowing for comparative assessment of 
performance and skill retention across conditions. A pilot 
study involving 10 participants was conducted prior to the 
full-scale experiment to validate the system and address any 
potential challenges that may arise. The follow-up study 
involved 48 medical residents (38 experimental and 10 con-
trol) to address the following Research Questions (RQs):

RQ1: How do users’ perceived usability (measured by 
SUS), workload (measured by NASA-TLX), and technol-
ogy acceptance (measured by TAM) differ when comparing 
the No Aid, 2D Aid, and 2D-3D Aid groups in EVD place-
ment during the training phase?

RQ2: How do users’ procedure precision and execution 
time differ when comparing the No Aid, 2D Aid, and 2D-3D 
Aid groups in EVD placement during the training phase?

RQ3: What is the impact of the No Aid, 2D Aid, and 
2D-3D learning modalities for EVD placement on users’ 
skill retention, measured by procedure accuracy and execu-
tion time, once these aids are no longer provided?

This research assesses the usability, cognitive impact, 
and effectiveness of different training modalities in maxi-
mising performance and short-term skill retention without 
aids. Our work results in the following contributions:

	● We introduce NeuroMix, a cost-effective MR training 
system for EVD using Meta Quest 3.

	● We design and evaluate three training modalities with 
increasing spatial support (baseline No Aid, 2D Aid, 
2D-3D Aid).

	● We assess skill retention in an unaided testing phase 
using catheter placement, a gap not addressed by most 
prior MR studies.

	● We find that 2D–3D training aids significantly improve 
precision even in unaided execution, without raising 
cognitive workload.

2  Related work

AR/MR systems for EVD placement have been designed 
primarily to support intraoperative performance (Buwaider 
et al. 2024). In most experimental studies (Van Gestel et al. 
2021; Eom et al. 2024; Li et al. 2019; Grunert et al. 2024; 
Vychopen et al. 2025; Eom et al. 2024) systems deployed 
have been evaluated mainly in terms of the accuracy of 
practitioners when supported by the AR/MR interface via 

2D and 3D visual aids. The pioneering works  (Yudkowsky 
et al. 2013; Hooten et al. 2014) presented the first EVD guid-
ance systems, using haptic feedback, varied virtual brains to 
simulate different realistic clinical scenarios and 3D over-
lays displayed on an external monitor. Similarly, in Li et al. 
(2019), the authors introduce one of the first MR systems 
for EVD placement, which reduces catheter misplacement 
and the number of insertion attempts in bedside procedures. 
Later studies (Van Gestel et al. 2021; Schneider et al. 2023) 
found that AR increased placement accuracy and helps nov-
ices reach expert-level performance.

The role played by visual aids in these AR/MR systems 
is crucial in providing contextual and real-time guidance 
regarding catheter trajectory, insertion angle, and distance 
to the target. Similarly, recent MR research in surgical con-
texts has shown that the design of visual guidance widgets 
strongly influences spatial accuracy and user workload. For 
example, in Dastan et al. (2024) the authors demonstrated 
that dynamically co-designed MR cues can enhance instru-
ment alignment precision, though with higher cognitive 
demand. In Domínguez-Velasco et  al. (2023); Benmahd-
joub et al. (2023); Eom et al. (2024); Skyrman et al. (2021) 
the authors proposed systems visualizing the ideal catheter 
trajectory on a physical skull model, along with virtual 
target point markers (Kocher’s point and/or Monro’s fora-
men) or segmented anatomical structures such as ventricles. 
Similarly, some systems (Skyrman et al. 2021; Domínguez-
Velasco et al. 2023; Grunert et al. 2024) provided diagnostic 
images, textual instructions, and feedback panels to support 
users during EVD placement. For example, Eom et al. (2024) 
proposed a system that tracks user gaze and triggers visual 
cues when key interface areas are overlooked. In Benmah-
djoub et al. (2023), different AR visualization modes were 
evaluated for the EVD procedure: 3D aids resulted in being 
more accurate, intuitive, and cognitively efficient, whereas 
2D aids provided useful support for setting the catheter’s 
insertion depth and angles.

Most of the AR/MR systems developed for EVD place-
ment rely on head-mounted displays, primarily the Micro-
soft HoloLens (Eom et  al. 2024; Umana et  al. 2021). To 
align virtual content with the patient’s anatomy, systems 
adopted a combination of registration methods and track-
ing technologies. Registration is typically performed either 
manually, by visually aligning holograms to anatomical 
landmarks (Eom et al. 2024, 2024), or via fiducial markers 
placed on the scalp to enable more precise and repeatable 
alignment (Li et al. 2019; Skyrman et al. 2021; Schneider 
et  al. 2021).For spatial tracking, systems employ either 
outside-in tracking with external optical devices (Skyrman 
et al. 2021; Eom et al. 2024), or inside-out tracking, which 
uses the headset’s built-in sensors for autonomous localiza-
tion without external references (Van Gestel et  al. 2021; 
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their formal training. From a methodological standpoint, 
another key innovation of our study is the assessment of 
training impact on short-term skill retention in an unaided 
setting. After completing the training, participants were 
asked to perform the task again without any visual support 
from the system. This highlights a gap in the current litera-
ture, as many studies demonstrate the effectiveness of AR/
MR systems in improving procedural performance (Eom 
et al. 2024; Benmahdjoub et al. 2023). However, they often 
do not assess whether those improvements persist once the 
visual aids are removed.

3  Materials and methods

In this section, we describe the training and testing systems, 
the initial pilot study for system refinement and the experi-
mental design.

3.1  Training system design and architecture

The architecture shown in Fig. 1 illustrates the NeuroMix 
training system (left panel), which has been developed using 
Unity3D (v2022.3.10f1) and the Meta SDK (v62.0.0) (Meta 
2023), and deployed on the Meta Quest 3 headset for UI 
interaction and controller tracking. The system architecture 
comprises three primary modules: the Application Engine, 
the Data Logger and the Training Modality Interface (see 
Fig. 1, left panel).

3.1.1  The application engine and the data logger

The Application Engine is responsible for visualizing and 
synchronizing data among three virtual components: the 
Virtual Panel, the Digital Skull, and the Digital Catheter. 

Grunert et al. 2024). A possible alternative for both registra-
tion and real-time tracking is also represented by computer 
vision techniques (Robertson et al. 2021).

Validation of these systems has been conducted on 
phantom heads (Van Gestel et al. 2021; Eom et al. 2024), 
3D-printed skulls (Domínguez-Velasco et al. 2023), cadaver 
specimens (Grunert et al. 2024), and real patients (Li et al. 
2019). Evaluated outcomes included target deviation from 
the planned trajectory (Li et al. 2019; Skyrman et al. 2021), 
number of catheter passes (Eom et  al. 2024), procedural 
time (Domínguez-Velasco et al. 2023), and trajectory align-
ment error (Benmahdjoub et al. 2023; Grunert et al. 2024). 
Some studies also reported subjective metrics, such as user 
confidence and perceived spatial awareness (Eom et  al. 
2024; Benmahdjoub et al. 2023).

This paper offers new contributions to system design 
and methodological analysis. In contrast to existing litera-
ture (Skyrman et al. 2021; Domínguez-Velasco et al. 20230, 
the system is constructed on the Meta Quest 3, utilizing its 
increased field of view, improved rendering, and reduced 
cost compared to the Microsoft HoloLens. The lower cost 
of the Meta Quest 3 also enhances scalability and practi-
cal adoption, enabling institutions to deploy multiple units 
and incorporate MR-based procedural training into routine 
educational programs. This reduction in economic barriers 
makes immersive training more accessible across diverse 
clinical and educational environments. By leveraging the 
headset’s inside-out tracking, we developed a tracking 
system using the Quest controllers to offer a precise and 
portable simulator with no need for external trackers. We 
developed and compared three different interface modali-
ties, each incorporating varying levels of 2D and 3D visual 
aids. Notably, we proposed a hybrid visualization, com-
bining both 2D and 3D elements in combination with CT 
image slices, which are familiar to users and aligned with 

Fig. 1  NeuroMix’s system. The architec-
tures used during the Training Phase (left 
panel) and Testing Phase (right panel)
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system then restarts from the entry point selection phase, 
allowing iterative practice and progressive refinement of the 
insertion technique.

Finally, the Data Logger module records user interaction 
logs during the experiment sessions.

3.1.2  The training modality interface

NeuroMix offers three distinct training modalities, namely 
No Aid, 2D Aid, and 2D-3D Aid, whose specific features are 
illustrated in Fig. 3.

No Aid Modality The user is provided only with CT 
images and the target point (Monro’s foramen). All CT 
images are displayed on the Virtual Panel, and the target 
point is highlighted with a red dot. By interacting with the 
Virtual Panel, users can navigate through CT scans across 
all anatomical planes (sagittal, axial, and coronal). The red 
dot is visible upon selecting the correct CT slice, requiring 
the user to actively locate the target. No additional visual 
aids are provided during the virtual insertion (see Fig. 3A). 
The user has the option to continue visualizing the CT scans 
on the Virtual Panel while selecting Tilt, Rotation and Depth 
values (see Fig. 3B, C). Upon confirming the selection, the 
Digital Catherer is anchored, and the system provides dif-
ferent forms of feedback to the user. One is a textual feed-
back appearing on the Virtual Panel, namely the Euclidean 
distance (in centimeters) between the Digital Catheter’s tip 
(operation point) and the digital anatomical target point (see 
Fig. 3D). The other is a 3D feedback: the Digital Skull is 
made transparent, allowing the user to visualize the anchored 
digital Catheter rendered yellow and the target point within 
the 3D environment, thus reinforcing spatial understanding 
and procedural precision (see Fig. 3D).

2D Aid Modality The Virtual Panel displays the ana-
tomical planes simultaneously. To identify the target point 
highlighted with a red dot, the user can scroll the CT images 
using the buttons on the Virtual Panel or by dragging green 
virtual panels that appear on the Digital Skull (see Fig. 3A1). 
This interface is designed to make the connection between 
the 2D CT slices on the Virtual Panel and the 3D Digital 
Skull more intuitive (Mendes et al. 2019). Once the red tar-
get point is identified, the user proceeds with the placement, 
and the selected CT slices are carried over as visual aids to 
the next steps. Then, the user selects the Rotation, Tilt, and 
Depth values. However, this interface includes a real-time 
2D projection of the Digital Catheter superimposed on the 
CT scan images. This projection is continuously updated 
while the user changes the Rotation, Tilt, and Depth values, 
providing 2D visual aids of the catheter’s orientation (see 
Fig. 3B1-C). After each attempt, the system provides the 
same feedback as the No Aid modality. In addition, the user 

These components are synchronized through a real-time, 
bidirectional synchronization system.

The Virtual Panel serves as an in-world interface that 
provides real-time feedback and data visualization to the 
user. The content displayed depends on the specific Train-
ing Modality Interface selected. In general, the Virtual Panel 
presents key information such as insertion depth, trajectory 
angles, and brain CT scans. The design aims at providing 
users with an intuitive interface (Salomoni et al. 2017). The 
Digital Skull represents the human skull of an anonymous 
patient. This 3D digital element allows users to explore key 
anatomical landmarks, such as Kocher’s point, the standard 
neurosurgical entry site for EVD catheter insertion, and the 
Monro’s foramen, which serves as the anatomical target 
for precise catheter placement (Anatomy 2023). The Dig-
ital Skull was reconstructed using the 3D Slicer software 
(Pieper et  al. 2004) from a real brain CT dataset consist-
ing of 512 sagittal, 512 coronal, and 128 axial images in 
DICOM format, each with a resolution of 512×512 pixels. 
The resulting 3D model was optimized in Blender (Mul-
len 2011) to ensure smooth performance and compatibil-
ity with the hardware constraints and calibrated in Unity 
to accurately align DICOM slices within the volume. The 
Digital Catheter is the virtual surgical tool. A green sphere is 
placed at the tip of the Digital Catheter to enhance the user’s 
manipulation (see Fig. 3).

These components are integrated into an interactive 
workflow that guides the user through the key steps of the 
EVD placement procedure. Initially, the system enables the 
user to position the Digital Skull comfortably in the envi-
ronment, anchor it using a dedicated button, and select one 
of the three entry points highlighted on the Digital Skull. 
The user must identify and select the Kocher’s point. If the 
selected point is incorrect, the system provides error feed-
back on the Virtual Panel and requests a new selection. This 
encourages users to actively recognize anatomical land-
marks, just as they would be required to do in a real sur-
gical setting where the Kocher’s point is not pre-marked. 
Once the correct entry point is chosen, the virtual simula-
tion of the EVD placement procedure begins. The user can 
define the Digital Catheter trajectory based on three degrees 
of freedom: Tilt, Rotation, and Depth. The Digital Cath-
eter is anchored at the selected point on the Digital Skull, 
and the user can manipulate the Tilt and Rotation compo-
nents, either through direct hand manipulation or by using 
the dedicated sliders on the Virtual Panel. However, Depth 
can only be chosen through the Virtual Panel sliders, allow-
ing millimeter-level precision (Mendes et  al. 2019). After 
confirming the choices, the system evaluates the trial and 
provides the user with some post-trial feedback depending 
on the Training Modality Interface. To repeat the trial, the 
user can press the “Retry” button on the Virtual Panel. The 
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(Kocher’s point) is predefined, thus removing the need for 
manual entry point selection. Hence, the Physical Skull was 
perforated in advance.

A key technical challenge was achieving accurate track-
ing of the Physical Skull and the Physical Catheter due to 
restrictions imposed by Meta on direct camera access within 
the Meta Quest 3, thus preventing the usage of computer 
vision techniques as in Robertson et al. (2021). However, 
camera-based tracking could have introduced latency (40–
60 ms), GPU overhead (1–2%), memory usage (45 MB per 
stream), a data rate capped at 30 Hz, and maximum resolu-
tion of 1280 × 960 pixels1.

To overcome these limitations, we adopted Meta Quest 
3’s controller-based inside-out tracking, which provides 
real-time six-degree-of-freedom localization through iner-
tial sensors and infrared LEDs. Meta Quest 3 controllers 
were selected to ensure portability, simplicity of setup, and 
full system autonomy. One controller was rigidly attached 
to the Physical Skull and the other to the Physical Catheter 
using custom 3D-printed mounts, ensuring stable alignment 
and minimizing mechanical play. This solution enabled 
accurate, privacy-preserving tracking at 60 Hz, outperform-
ing the camera-based alternative in responsiveness and 
computational efficiency.

A rigid-body registration between the Digital Skull and 
the Physical Skull was performed entirely manually, using 
three anatomical landmarks (Kocher’s point, nasion, and 
bregma) visually matched in the Quest 3 passthrough view. 
A fourth independent landmark (the right external auditory 
meatus) served as validation, yielding a mean registration 
error of 3.2 ± 1.4 mm across sessions. Since the catheter 
was tracked via a controller rigidly mounted to its shaft, no 
additional spatial registration was required. A two-step cali-
bration was performed: (i) tip calibration, obtained by man-
ually aligning the real catheter tip with a virtual reference 
to compute the fixed offset from the controller frame; and 
(ii) depth calibration, which mapped the zero-depth contact 

1  See Meta’s documentation.

is provided with the final catheter’s 2D trajectories across 
the three anatomical planes on the CT scans (see Fig. 3D).

2D-3D Modality This modality builds upon the 2D Aid 
modality (see Fig. 3A1). An additional visual aid is intro-
duced in the form of a 3D trajectory guide to support the user 
in selecting the Tilt and Rotation values. This red guideline 
visually indicates the optimal insertion path in 3D, includ-
ing the correct angle. This allows participants to follow a 
predefined path that would lead to a "perfect" placement if 
executed accurately (see Fig. 3B2). A dedicated button on 
the Virtual Panel allows the user to activate an animation. 
This animation is context-aware: starting from the Digital 
Catheter’s current orientation, it visually shows the move-
ment required for the Digital Catheter to align with the ideal 
insertion angle. The Depth component is then selected using 
the sliders of the Virtual Panel (see Fig. 3C). Differently 
from the previous modalities, the Virtual Panel shows the 
user the ideal depth component value in order to reach the 
inner target point. After each virtual EVD placement, the 
system provides the same feedback as the 2D Aid modality 
(see Fig. 3D).

3.2  Testing system design and architecture

The architecture shown in Fig. 1 illustrates the NeuroMix 
MR testing system (right panel). The testing system is com-
posed of three main components: the Physical Objects, the 
Application Engine, and the Data Logger.

Differently from the training system, the testing system 
considers a tracked Physical Catherer and a tracked Physi-
cal Skull (see Fig. 2a). The Physical Catherer is a real gradu-
ated catheter used during EVD placement procedures. The 
markings on the Physical Catheter are intended to indicate 
the insertion depth to the user. The Physical Skull is a phan-
tom skull. To provide haptic feedback during insertion, an 
agar-based material (Van Doormaal et al. 2025) was placed 
inside the cranial cavity, simulating the resistance of brain 
tissue (gray matter). For the testing phase, the entry point 

Fig. 2  Testing System setup. 
a Physical Skull and Physical 
Catheter instrumented with Meta 
Quest 3 controllers using custom 
3D-printed mounts for inside-out 
tracking. b MR view during the 
catheter manipulation task, show-
ing the virtual catheter and real-
time depth feedback on the virtual 
panel. c Participant performing the 
EVD placement task during the 
testing phase using the NeuroMix 
system with the Meta Quest 3 
headset
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The 3D-printed mount was designed in order to let the 
user hold the Physical Catheter similarly to how a neuro-
surgeon would have a catheter in a real scenario. During 
insertion, the user manipulates the tracked Physical Cath-
eter directly with their hands, with the controller acting as a 
tracker. This enables simultaneous control of insertion depth 
and angle, replicating the natural handling of real surgical 
procedures. By pressing the "A" button on the controller, 
the user can confirm that the desired target point is reached. 
To reproduce the tactile experience of catheter insertion, 
the cranial cavity of the Physical Skull was filled with an 

point to its virtual counterpart, ensuring millimeter-level 
consistency between physical and digital insertion depth.

Finally, static and dynamic drift tests were conducted to 
assess tracking stability. Under static conditions (60 s at 60 
Hz), the mean positional drift of the catheter tip was 4.7 
mm (SD = 0.9 mm), increasing slightly to 5.3 mm (SD = 
1.1 mm) during manual manipulation. This approximately 
5  mm systematic uncertainty affects the absolute spatial 
measurements but does not compromise the relative com-
parison across training modalities, as all conditions shared 
the same tracking and calibration setup.

Fig. 3  NeuroMix Training interfaces across the three learning modali-
ties. A DICOM Visualization: users inspect CT slices to identify the 
Monro’s foramen target (No Aid, 2D Aid, 2D–3D Aid). On the Right 
Panel: examples of multi-planar and uni-planar CT views with entry 
point (blue), catheter (cyan), and anatomical target (red). B Trajectory 
Selection: No Aid provides no visual guidance; 2D Aid adds real-time 

2D catheter projections on CT planes; 2D–3D Aid includes an addi-
tional animated 3D trajectory guide. C Depth Selection: in all modali-
ties, depth is selected via the Virtual Panel sliders. D Final Training 
Feedback: after each virtual insertion, the system provides textual and 
visual feedback showing the placement error and the catheter–target 
spatial positioning
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reduce complexity while preserving visual fidelity, and 
GPU-based rendering was implemented to offload image 
processing from the CPU, leveraging the Snapdragon XR2 
Gen 2 architecture. These optimizations enabled the system 
to run at a full resolution of 2064 × 2208 pixels per eye with 
a stable 90 Hz refresh rate, ensuring smooth and responsive 
performance.

In terms of usability, users were initially required to inter-
act with virtual objects in the training system using control-
lers, which many found to be cumbersome. Additionally, the 
only method for selecting the Rotation and Tilt components 
of the Digital Catheter was through sliders on the Virtual 
Panel. To improve ease of interaction, hand tracking was 
introduced, allowing users to manipulate the virtual catheter 
directly with their hands. However, the slider-based con-
trols for Tilt and Rotation were retained at the participants’ 
request, as they allowed for precise millimetric adjustments, 
increased accuracy, reduced task frustration, and improved 
reproducibility across trials. These adjustments align with 
findings in the literature (Jeffri and Rambli 2021) empha-
sizing that reducing cognitive load through effective inter-
face and interaction modality design (Mendes et al. 2019) 
is essential to ensure both improved user performance and 
reliable experimental results, particularly in tasks requiring 
high levels of spatial reasoning.

During the testing phase, although the tracked Physi-
cal Catheter featured graduated markings, participants had 
difficulty seeing them clearly in passthrough mode (Guo 
et al. 2022). To address this, the insertion depth values were 
displayed in real-time on the Virtual Panel. Additionally, 
due to camera distortion in passthrough mode (Guo et  al. 
2022), users experienced some difficulties when inserting 
the Physical Catheter into the hole at the Kocher’s point on 
the Physical Skull. To mitigate this issue, a digital red stick 
was registered to the Physical Catheter to provide a clearer 
visual reference. Finally, participants also confirmed that 
the agar-based medium provided realistic tactile feedback, 
leading to its inclusion in the final testing setup.

3.4  Study design

This section outlines the experimental design, procedure, 
participants, and measurements used in the study.

3.4.1  Study objective

The experiment employed a between-subjects design to 
assess the effectiveness of the developed training and test-
ing systems, as well as the impact of three different training 
modalities (No Aid, 2D Aid, and 2D-3D Aid) offering vary-
ing levels of visual aids on short-term skill retention for the 
EVD placement procedure. Participants were divided into 

agar-based compound, replicating the resistance of brain 
parenchyma.

The Application Engine runs within the Unity3D envi-
ronment and is responsible for real-time visualization and 
synchronization of the Virtual Panel and the Digital Skull. 
Additionally, it handles the registration of the Digital Skull 
to its physical counterpart, the Physical Skull. Concerning 
the Digital Skull, the same virtual head model used in the 
training system was rendered in the MR testing environment 
to provide consistent reference points established during the 
training phase. Since the graduated catheter is difficult to 
see clearly while wearing the headset, the insertion depth 
is also displayed in real-time on the Virtual Panel to sup-
port the user throughout the EVD placement (see Fig. 2b). 
Importantly, we remark that, in this setup, the MR interface 
was not used to provide any form of assistance (aids or feed-
back) to the user. This design choice ensures that the testing 
system can yield meaningful insights into each user’s skill 
retention in an unaided scenario. Differently from the train-
ing system, we point out that all performance measurements 
were computed in a virtual setting, while the procedure is 
performed with a real catheter on a real phantom skull (see 
Fig. 2c). For example, the distance between the operation 
point (from the tip of the tracked Physical Catheter) and the 
virtual target point was calculated using the MR tracking 
system. This ensures high-fidelity evaluation of each trial 
while maintaining full control over data collection and elim-
inating manual measurement errors.

The Data Logger module collects and stores all interac-
tion data during the EVD procedure.

3.3  A pilot study for system refinement

A pilot study involving 10 participants was conducted to 
evaluate the initial version of the NeuroMix training and 
testing systems to identify potential issues in the experimen-
tal setup. None of these participants were included in the 
main experiment to prevent familiarity or learning-related 
biases. Among them, seven were neurosurgeons with vary-
ing levels of experience in EVD placement (one with low 
experience, two with moderate, and four with high expe-
rience) while the remaining three had no prior experience 
with neurosurgical procedures. All participants tested the 
No Aid, 2D Aid, and 2D-3D Aid modalities as well as the 
testing system. Their ages ranged from 24 to 45 years old. 
Concerning their familiarity with MR technologies, six had 
never used MR before, and four reported moderate exposure.

During the pilot study sessions, some technical issues 
emerged, including application crashes due to a memory 
leak caused by rendering the high-resolution Digital Skull 
model within both the training and testing systems. To 
address this, the 3D model was optimized in Blender to 
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= 0.68). Specifically, the vast majority (45 out of 48) had no 
prior experience using the Meta Quest 3 device employed in 
this study, and limited experience with other head-mounted 
displays (M = 2.60, SD = 0.63). Of the 48 participants, 36 
were assigned to the Experimental Group and evenly dis-
tributed across the three training modalities: No Aid (n = 
12), 2D Aid (n = 12), and 2D-3D Aid (n = 12). The remain-
ing 12 participants were assigned to the Control Group.

3.4.3  Procedure and task

We now outline the experimental procedure followed by 
the Experimental Group and the Control Group (see Fig. 
4). Participants were randomly assigned to one of the two 
groups. All participants were asked to complete a demo-
graphic questionnaire, which included information such 
as age, gender, and education level. This was followed by 
a background questionnaire aimed at assessing their prior 
experience with EVD procedures, neuronavigation systems, 
interpretation of brain CT DICOM images, the use of soft-
ware such as 3D Slicer, and their familiarity with various 
immersive technologies.

Then, participants in the Experimental Group were ran-
domly assigned to one of the three learning modalities: No 
Aid, 2D Aid, or 2D-3D Aid. For each participant in the 
Experimental Group, the experiment consisted of three dis-
tinct phases: the Familiarization Phase, the Training Phase, 
and the Testing Phase.

During the Familiarization Phase all participants took 
part in an introductory session led by an experienced opera-
tor, who explained the theoretical and practical aspects of 

two main groups: the Experimental Group and the Control 
Group. The Experimental Group completed both the train-
ing and testing phases, whereas the Control Group took part 
only to the testing phase. Specifically, the experiment aims 
to assess how different learning modalities influence users’ 
perceived usability, cognitive workload, and acceptance of 
the training system during the training phase. Additionally, 
the study examines the impact of each modality on proce-
dural precision and execution time, both during training and 
in a subsequent testing phase where visual aids are no lon-
ger available. A comparison with a Control Group, which 
did not receive training through the developed system, is 
included to evaluate the retention effects more rigorously.

3.4.2  Participants

A total of 48 participants took part in the main experiment, 
ranging in age from 23 to 38 years (M = 28.04, SD = 3.13), 
including 21 females and 28 males. This sample size aligns 
with prior research in the field (Buwaider et al. 2024; Butas-
lac et al. 2022). Results from the background questionnaire 
indicated that all participants had a medical background and 
were selected among recently hired clinicians with limited 
experience in EVD placement (M = 2.00, SD = 0), limited 
familiarity with neuronavigation systems (M = 1.19, SD = 
0.57), and moderate experience in interpreting neuroimag-
ing such as CT and MRI scans (M = 3.41, SD = 0.69). In 
terms of handedness, 43 participants were right-handed, 4 
left-handed, and 1 ambidextrous. Regarding familiarity with 
immersive technologies, participants had limited familiarity 
with Augmented, Mixed, or Virtual Reality (M = 2.57, SD 

Fig. 4  Experimental Design for the Experimental Group (left panel) and Control Group (right panel)
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2015), which shows that performance in immersive task-
based training generally stabilizes within 4–6 repetitions.

The Control Group did not undergo any virtual Training 
Phase but performed five EVD placements as described for 
the Testing Phase performed by the Experimental Group. 
However, before the insertions, the Control Group was 
allowed to visualize the CT scans on a standard computer 
monitor using Slicer3D for reference.

At the end of the experiment, all participants were asked 
to complete questionnaires tailored to their respective 
groups.

3.4.4  Measurements

Various objective and subjective metrics were collected to 
assess the impact of the NeuroMix training on procedural 
accuracy and efficiency. Concerning objective measures, 
during the Training Phase the system recorded: (a) the num-
ber of attempts required to identify the correct entry point, 
(b) the 3D coordinates of the operation points, (c) the Rota-
tion and Tilt components selected, and (d) the Total Time 
(TT) for each insertion. During the Testing Phase, only 
metrics (b), (c) and (d) were recorded, as the entry point 
was predefined and provided to participants. From (b), we 
derived the Error Score (ES) by computing the Euclidean 
distance between the operation point and the target point. 
From (c), we derived the Rotation Error (RE) and the Tilt 
Error (TE), which are defined as the absolute angular dif-
ferences between the user-selected Rotation and Tilt and the 
ideal trajectory toward the target point. For each participant 
and training modality, we computed the Average metric by 
averaging the individual error values (e.g., Error Score, Tilt 
Error, Rotation Error, Total Time) across all trials (5 trials 
for the Training Phase and 5 trials for the Testing Phase for 
each participant).

Subjective measures were measured through standard-
ized questionnaires. The Experimental Group completed 
the System Usability Scale (SUS), a 10-item questionnaire 
rated on a 5-point Likert scale. The items are grouped into 
two dimensions: Usability and Learnability (Lewis and 
Sauro 2009). In addition to analyzing these two subscales, 
we also calculated the Total score as the sum of all item 
responses across the entire SUS questionnaire. In addition, 
the Experimental Group completed the NASA Task Load 
Index (NASA-TLX) (Hart and Staveland 1988), which is 
based on a 10-point Likert scale and evaluates six dimen-
sions of perceived workload: Mental Demand, Physical 
Demand, Temporal Demand, Performance, Effort, and 
Frustration. We also calculated the Average workload score 
by averaging across all dimensions. The Experimental 
Group was asked to complete the Technology Acceptance 
Model (TAM) questionnaire (Davis 1989), which was also 

the EVD procedure according to standard neurosurgical pro-
tocols (Flint et al. 2013). This session covered topics such 
as the clinical indications for EVD placement, common ana-
tomical landmarks (with an emphasis on Kocher’s point and 
Monro’s foramen), the ideal catheter trajectory and depth 
(generally 5 to 7  cm), confirmation cues for correct cath-
eter positioning (e.g., release of cerebrospinal fluid), and 
potential complications including infections, hemorrhages, 
device failure, and misplacement. Following this, partici-
pants were guided through a familiarization session specific 
to the learning modality they had been assigned to. During 
this session, they were introduced to the system’s features 
and instructed on how to interact with the Virtual Panel, 
Digital Catheter, and Digital Skull provided by their respec-
tive setup.

After the Familiarization Phase, the Training Phase 
begins. During this phase, the participants interact exclu-
sively with virtual tools (Seymour et  al. 2002). Each par-
ticipant is asked to perform five virtual EVD placements. 
Depending on the assigned learning modality, participants 
practice inserting the Digital Catherer into the Digital Skull 
towards the target point (Monro’s foramen) highlighted on 
the CT scans. Depending on the training modalities, the pro-
cedure is supported by visual aids, when available, in order 
to assist participants in selecting the correct entry point and 
achieving proper catheter placement. After each attempt, 
participants receive feedback tailored to their assigned 
modality. This feedback is designed to help them understand 
how to improve their technique, in line with evidence from 
the literature supporting the role of feedback in enhancing 
procedural learning (Eom et al. 2024; Butaslac et al. 2022).

Once the Training Phase is completed, the Testing Phase 
begins. In this phase, participants interact with the Physical 
Skull, a phantom model enhanced for realism by filling the 
cranial cavity with an agar-based material that mimics the 
consistency of brain tissue. This setup provides users with 
haptic feedback, simulating the EVD placement procedure 
in a more lifelike manner. The entry point is indicated to the 
participant by a pre-existing borehole on the Digital Skull. 
To ensure visual continuity and consistency, the system 
registers the same Digital Skull used during the Training 
Phase on the Physical Skull. All sessions were conducted 
using a single anonymized CT dataset, ensuring full experi-
mental control and consistent anatomical landmarks across 
participants (Anatomy 2023; Flint et al. 2013). A Physical 
Catheter, identical to the one used in real surgical proce-
dures, is also employed. Participants are required to perform 
five EVD placements during this phase. No visual aids or 
feedback are provided during this phase. This number was 
chosen based on prior work in procedural learning and MR-
based surgical simulation (Kaplan et al. 2021; Borsci et al. 
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4.1.1  SUS questionnaire

In Table 1 we report the mean (M) and standard deviation 
(SD) by construct of the SUS questionnaire for each of the 
learning modalities. All modalities received high Total val-
ues (>70). Normality was confirmed for each of the con-
structs across all the learning modalities. The ANOVA test 
did not show any significant differences among the three 
modalities for Usability (p=0.521), Learnability (p=0.428) 
and Overall (p=0.499). A pair-wise TOST analysis revealed 
significant equivalence in terms of Usability: No Aid vs. 2D 

administered using a 5-point Likert scale. It includes two 
core dimensions: Perceived Usefulness and Perceived Ease 
of Use. Finally, for the Experimental Group we devel-
oped a custom Final Test Assessment (FTA) questionnaire 
to evaluate whether participants’ perceived complexity of 
the Testing Phase aligned with their actual performance. 
The questionnaire consisted of five items, each rated on a 
5-point Likert scale (e.g., "How do you rate the difficulty 
of accomplishing the X insertion of the catheter during the 
testing phase?").

The Control Group completed only the FTA question-
naire as they did not undergo the virtual training.

3.4.5  Tools for statistical analysis

For the statistical analysis, we primarily relied on a set of 
Python libraries designed for data manipulation, statistical 
modeling, and visualization. The goal of the analysis was 
to identify significant differences or similarities both within 
the Experimental Group (across the three training modali-
ties) and between the Experimental and Control Groups. We 
followed the statistical protocol outlined below. First, the 
normality of the data distributions was assessed using the 
Shapiro-Wilk test (Razali and Wah 2011). If normality was 
confirmed, a one-way ANOVA was applied to detect sig-
nificant differences between groups, followed by pairwise 
comparisons using independent samples t-tests (Lakens 
2013). To evaluate statistical equivalence, we performed a 
two-sided TOST (Two One-Sided Tests) procedure (Lakens 
2017). If normality was not satisfied, non-parametric tests 
were used: the Kruskal-Wallis H-test (Mckight and Najab 
2010) to assess differences across groups and the Mann–
Whitney U test for pairwise comparisons (Mcknight and 
Najab 2010). Finally, we employed the Analysis of Cova-
riance (ANCOVA) (Van Breukelen 2013) test to examine 
the effect of training modality on procedural performances 
while controlling for potential covariates.

4  Results

This section reports the outcomes of the statistical analyses, 
distinguishing between subjective and objective metrics.

4.1  Subjective measures

We present here the results of the subjective evaluations col-
lected through the standardised post-experience question-
naires. For clarity, Table 2 reports a concise summary of the 
significant pairwise results for all subjective measures.

Table 1  Summary of subjective measures
Variable Construct No Aid 2D Aid 2D-3D 

Aid
Con-
trol

(M, 
SD)

(M, 
SD)

(M, SD) (M, 
SD)

SUS Usability 4.24, 
0.47

4.16, 
0.37

4.02, 
0.55

–

Learnability 3.88, 
0.77

3.88, 
0.68

3.54, 
0.69

–

Total 91.67, 
11.55

90.00, 
10.11

85.62, 
13.86

–

NASA-TLX Mental 5.42, 
1.88

6.17, 
1.34

6.25, 
1.48

–

Physical 3.17, 
1.70

3.25, 
1.71

4.25, 
1.71

–

Temporal 3.75, 
2.05

4.00, 
1.28

3.67, 
1.44

–

Performance 7.33, 
1.61

6.67, 
1.92

7.58, 
0.79

–

Effort 4.92, 
2.23

6.17, 
1.85

6.08, 
1.83

–

Frustration 2.00, 
1.13

3.58, 
2.07

3.17, 
2.08

–

Average 4.43, 
0.89

4.97, 
0.84

5.17, 
1.02

–

TAM Usefulness 4.18, 
0.62

4.17, 
0.48

4.45, 
0.51

–

Ease of Use 2.85, 
0.41

3.07, 
0.30

3.09, 
0.32

–

FTA Average 2.98, 
0.78

2.95, 
0.36

3.07, 
0.83

2.75, 
0.86

Table 2  Summary of significant statistical results for subjective mea-
sures
Measure NA vs 2D NA vs 3D 2D vs 3D
SUS – Usability = = =
NASA-TLX – Frustration < None None
TAM – Ease of Use = = =
TAM – Usefulness = None None
FTA – Average = None None
Comparisons use the following abbreviations: NA = No Aid, 2D = 
2D Aid, 3D = 2D–3D Aid. “=” indicates significant equivalence; “<” 
/ “>” indicate significant differences; “None” indicates no significant 
result
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No Aid and 2D Aid groups, while no equivalence was found 
between the other group pairs.

4.2  Objective measures

This section presents the statistical analysis results of the 
objective metrics collected during the Training phase and 
the Testing phase. For clarity, Table  6 provides a con-
cise summary of the main significant pairwise differences 
observed across all objective measures.

4.2.1  Accuracy analysis: entry, target and operation points

Regarding Entry Point selection, in 94% of the total 
instances, the correct option (Kocher’s point) was identified 
on the first attempt during the Training Phase.

In Table 3 we report the mean and standard deviation of 
the Average Error Scores for the training and testing phases.

The results of the Shapiro-Wilk test indicated that all 
the variables violated the assumption of normality. The 
Kruskal–Wallis H-test revealed statistically significant dif-
ferences between the three learning modalities during the 
Training phase (p = 0.0018). The Mann–Whitney U test 
showed the following significant differences: No Aid vs 2D 
Aid (p = 0.0001), No Aid vs 2D-3D Aid (p = 0.0001), and 
2D Aid vs 2D-3D Aid (p = 0.011), suggesting improvements 
in precision with increased system support.

Concerning the Testing Phase, the four modalities (includ-
ing Control) showed a significant difference (p =0.0023). In 
contrast, pairwise comparisons showed that the 2D-3D Aid 
condition differed significantly from all others: No Aid (p = 
0.0053), 2D Aid (p = 0.00021), and Control (p = 0.00014). 
Significant differences were observed between the Control 
and the No Aid groups (p = 0.001). No significant differ-
ences were found between 2D Aid and No Aid (p = 0.184), 
and between Control and 2D Aid (p = 0.068).

To perform a more detailed analysis on the Testing Phase 
data, we computed the component-wise absolute differences 
between the target point and the operation point along the 
sagittal X, axial Y, and coronal Z axes. In the sagittal direc-
tion X, significant differences were observed only between 
the Control condition and the other three modalities: No Aid 
(p = 0.0012), 2D Aid (p = 0.0040), and 2D-3D Aid (p = 
0.0188). In the axial direction Y, more widespread differ-
ences emerged, particularly involving the 2D-3D Aid condi-
tion, which significantly differed from all others: 2D Aid (p 
= 0.00012), Control (p = 5.02e−7), and No Aid (p = 0.036). 
Similarly, in the coronal direction Z, the 2D-3D Aid modal-
ity showed significantly different results when compared to 
No Aid (p = 0.00066), 2D Aid (p = 0.00399), and Control (p 
= 0.0181). For the Testing Phase, Fig. 5 illustrates the spatial 
deviations from the target point (fixed in the origin) and the 

Aid (p = 0.012), 2D Aid vs. 2D-3D Aid (p = 0.035), and No 
Aid vs. 2D-3D Aid (p = 0.046).

4.1.2  NASA questionnaire

The mean and standard deviation of each NASA dimen-
sion are reported in Table 1. Normality was achieved by the 
Physical, Temporal, and Effort dimensions, with the Mental, 
Performance, and Frustration dimensions failing to meet the 
normality assumption. A one-way ANOVA did not reveal 
significant differences among the three learning modes in 
the Physical, Temporal, and Effort dimensions. However, 
the Kruskal–Wallis H test revealed a significant difference 
in Frustration scores (p = 0.049), with no differences found 
for the Mental and Performance dimensions. Pair-wise com-
parisons using the Mann–Whitney U test revealed a signifi-
cant difference for No Aid vs 2D Aid (p = 0.038), but not for 
No Aid vs 2D-3D Aid (p = 0.081), or for 2D Aid vs 2D-3D 
Aid (p = 0.498). Finally, the TOST procedure did not reveal 
any significant equivalences between the modalities.

4.1.3  TAM questionnaire

Detailed scores for the TAM metric, including means and 
standard deviations for all dimensions, are reported in Table 
1. For all these dimensions of the TAM questionnaire, the 
normality was achieved. The ANOVA test did not reveal 
significant differences for Usefulness (p = 0.370) and for 
Ease of Use (p = 0.183) among the three learning modali-
ties. A pair-wise TOST test showed significant equivalence 
for the Ease of Use construct for No Aid vs 2D Aid (p = 
0.034), No Aid vs 2D-3D Aid (p = 0.046) and 2D Aid vs 
2D-3D Aid (p = 0.0001). Moreover, significant equivalence 
was found when applying the TOST test to No Aid vs 2D 
Aid (p = 0.021) for the Usefulness construct.

4.1.4  FTA questionnaire

In Table 1, we reported the mean and standard deviation 
scores for the Overall FTA questionnaire. A Kruskal–Wallis 
H test conducted across all groups did not reveal any statis-
tically significant differences. However, the TOST analysis 
indicated a statistically significant equivalence between the 

Table 3  Summary of the average error scores [cm]
Phase Metric No Aid 2D Aid 2D-3D 

Aid
Control

(M, SD) (M, SD) (M, SD) (M, SD)
Training Average 

ES
1.05, 
0.57

0.67, 
0.65

0.42, 0.27 –

Testing Average 
ES

2.00, 
0.98

2.30, 
1.15

1.47, 0.60 2.64, 
1.06
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(p= 0.0021), indicating that the type of training used had an 
impact on precision, independent of the number of attempts.

A Spearman correlation analysis (De Winter et al. 2016) 
was conducted to investigate the relationship between the 
FTA metric (Table 1) and the operation precision (Table 
3) during the Testing Phase. The results revealed a weak 
but statistically significant (p = 0.012) negative correlation, 
indicating that higher levels of perceived complexity were 
associated with lower precision scores.

4.2.2  Accuracy analysis: tilt and rotation components

The mean and standard deviation values for the Average Tilt 
Error and the Average Rotation Error are reported in Table 
4.

operation points across the three main anatomical planes: 
sagittal [XY], coronal [XZ], and axial [YZ]. In all the views, 
the 2D-3D Aid condition (green) shows the highest con-
centration of data points around the target. In contrast, the 
Control condition (orange) displays the widest dispersion, 
particularly along the positive vertical Y axis (see Fig. 5a, 
C). The No Aid (red) and 2D Aid (blue) conditions show 
intermediate behavior. From visual inspection, Control, No 
Aid and 2D Aid groups seem to show a deviation along the 
positive axial direction Y, differently from the 2D-3D Aid 
group.

Finally, we conducted an ANCOVA test using the number 
of training attempts as a covariate, the training modality as 
a between-subject factor and precision during Testing Phase 
as dependent variable. The analysis revealed a significant 
main effect of training modalities on operation precision 

Fig. 5  Spatial deviations from the target across sagittal [XY], coronal [XZ], and axial [YZ] planes
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Finally, we conducted an ANCOVA using the number of 
training attempts as a covariate, the training modality as a 
between-subject factor, and Rotation and Tilt Errors during 
the Testing Phase as the dependent variable. For the Rota-
tion errors, the analysis revealed no significant effect of the 
training modalities (p = 0.338) while the number of attempts 
had a significant impact (p=0.0004). In contrast, for the Tilt 
component, both the training modalities (p = 0.0056) and 
the number of attempts (p=0.0002) had a significant main 
effect, indicating that the type of training aid influenced tilt 
accuracy beyond mere repetition.

4.2.3  Time analysis

We report in Table 5 the mean and standard deviation values 
of the Average Total Time.

A Kruskal-Wallis H test was conducted to compare the 
average total time during the training phase across the three 
learning modes (No Aid, 2D Aid, and 2D-3D Aid). The 
test was statistically significant (p= 0.0001), indicating that 
the total time required to complete the operation differed 
across modes. Pairwise analyses showed that the No Aid 
group completed the task significantly faster than both aided 
groups, however, no significant difference was observed 
between the two aided modalities.

A Kruskal-Wallis H test was conducted to evaluate dif-
ferences of the Average Total Time for the Testing Phase 
across No Aid, 2D Aid, 2D-3D Aid and Control groups. The 
analysis revealed a statistically significant difference within 
the data (p = 0.003), suggesting that the type of aid used 
had a measurable effect on the operation time. Pairwise 
comparisons showed that the Control group performed sig-
nificantly faster than all trained groups, while no significant 
differences were observed among the No Aid, 2D Aid, and 
2D–3D Aid conditions.

Finally, we conducted an ANCOVA using the number of 
training attempts as a covariate, the training modality as a 
between-subject factor, and the Total Time during the Test-
ing Phase as the dependent variable. The training modality 

A Kruskal–Wallis H test performed on the Training 
Phase data revealed significant differences in angular accu-
racy among the three learning modalities, both for Tilt (p 
= 0.0034) and Rotation (p = 0.012). Pairwise comparisons 
using the Mann–Whitney U test confirmed significant dif-
ferences between all pairs of modalities.

The Kruskal–Wallis H test performed on the Testing 
Phase data revealed significant differences among the No 
Aid, 2D Aid, 2D-3D Aid and Control groups for the Tilt 
component (p=0.0042). No significant differences were 
found for the Rotation component (p=0.092). For the Tilt-
related data, the Mann–Whitney U test confirmed that the 
2D–3D Aid condition was significantly different if com-
pared to the 2D Aid (p=0.007) and the Control (p= 0.005), 
while it was not significant different from the No Aid (p = 
0.071). Additionally, the No Aid condition was significantly 
different from Control (p = 0.036), whereas it did not show 
significative difference with respect to 2D Aid (p=0.067).

Table 4  Summary of avarage tilt and rotation errors [◦]
Phase Metric No Aid 2D Aid 2D–3D 

Aid
Con-
trol

(M, SD) (M, SD) (M, SD) (M, 
SD)

Training Average 
TE

4.94, 
3.87

4.08, 
5.33

1.74, 1.58 –

Average 
RE

5.05, 
3.92

2.78, 
2.21

2.20, 1.86 –

Testing Average 
TE

14.60, 
9.97

16.94, 
10.58

10.04, 5.08 17.97, 
10.12

Average 
RE

6.02, 
4.40

7.27, 
6.41

6.14, 4.21 9.44, 
7.25

Table 5  Summary of the average total time [s]
Phase Metric No Aid 2D Aid 2D-3D 

Aid
Con-
trol

(M, SD) (M, SD) (M, SD) (M, 
SD)

Training Average 
TT

62.21, 
46.36

137.84, 
78.90

132.09, 
93.25

–

Testing Average 
TT

42.87, 
23.36

47.25, 
20.64

49.74, 
37.04

33.63, 
14.53

Table 6  Summary of significant statistical results for objective measures
Phase Measure NA vs 2D NA vs 3D 2D vs 3D NA vs C 2D vs C 3D vs C
TR ES > > > – – –

TE > > > – – –
RE > > > – – –
TT > > None – – –

TS ES None > > < None <
TE None None > < None <
RE None None None None None None
TT < < None > > >

Abbreviations: TR = Training, TS = Testing; NA = No Aid, 2D = 2D Aid, 3D = 2D–3D Aid, C = Control; ES = Average Error Score (precision), 
TE = Average Tilt Error, RE = Average Rotation Error, TT = Average Total Time. “<′’/“>” = significant differences; “None” = no significant 
result; “–” = not applicable
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the visual support modality (see Tables 3, 4, 5). Participants 
trained with 2D and 2D–3D visual aids achieved signifi-
cant higher accuracy compared to the No Aid group (see 
Table 3). The highest accuracy was reached by the 2D-3D 
Aid group. The ANCOVA test controlling for the number 
of attempts indicated that the improvements were attribut-
able to the training modalities, rather than practice effects. 
We point out that although the 2D Aid group achieved low 
error rates during training, it reported significant high levels 
of Frustration on the NASA-TLX scale, unlike the 2D–3D 
Aid group. These results are consistent with prior stud-
ies demonstrating that visual overlays, particularly when 
combining 2D imaging with 3D spatial cues, can improve 
performance in image-guided neurosurgical procedures 
(Alizadeh et al. 2024; Buwaider et al. 2024). Angular accu-
racy also improved, with the 2D–3D Aid group participants 
having significantly lower Tilt and Rotation errors, sug-
gesting that the 3D trajectory guidance facilitated mental 
rotation and alignment, a benefit of immersive training sys-
tems for procedural tasks (Butaslac et al. 2022; Linte et al. 
2013). However, the execution time more than doubled in 
the aided groups. This reflects the well-known trade-off 
between performance accuracy and task efficiency observed 
in high-fidelity simulations, and not only for procedural 
tasks (Buwaider et al. 2024; Daling and Schlittmeier 2024).

RQ3: What is the impact of the No Aid, 2D Aid, and 
2D-3D learning modalities for EVD placement on users’ 
skill retention, measured by procedure accuracy and execu-
tion time, once these aids are no longer provided? The test-
ing phase was specifically designed to evaluate short-term 
skill retention by removing all MR-based visual aids and 
requiring participants to perform EVD placement using only 
physical instruments. This unaided execution represents a 
key novelty of our evaluation protocol and distinguishes our 
study from the majority of prior AR/MR surgical training 
literature, which typically assesses performance only under 
guided or partially supported conditions. The results show 
that prior exposure to training, particularly when enhanced 
with combined 2D and 3D guidance, led to a substantial 
improvement in unaided performance (see Table 3). Par-
ticipants trained with 2D–3D Aid retained the lowest error 
in terms of Euclidean Distance during the Testing Phase, 
outperforming also the Control group. A significant dif-
ference was observed along the axial (Y) axis between the 
2D–3D Aid group and the No Aid, 2D Aid, and Control 
groups. Interestingly, from visual inspection we observe a 
noticeable shift towards positive Y values in the No Aid, 
2D Aid, and especially the Control groups (see , Fig. 5). In 
contrast, the 2D–3D Aid group demonstrated more precise 
performance, with operation points more evenly distributed 
around the target.

did not show a significant main effect (p = 0.396) on opera-
tion time while the number of training attempts did (p = 
0.0045).

5  Discussion

In this section, we seek answers to the RQs. RQ1: How do 
users’ perceived usability (measured by SUS), workload 
(measured by NASA-TLX), and technology acceptance 
(measured by TAM) differ when comparing the No Aid, 2D 
Aid, and 2D-3D Aid groups in EVD placement during the 
training phase?.

All the three training modes (No Aid, 2D Aid, and 
2D–3D Aid) were found to be highly acceptable and usable 
to the participants. SUS scores were consistently above the 
usual acceptance level for usability of 70 (Bangor et  al. 
2009), with no significant differences between the groups 
and showing significant equivalence in all paired compari-
sons. These findings are presented in Table 1 and show that 
even highly advanced visualizations, such as animated 3D 
trajectory guidance, do not negatively impact perceived 
usability. Similarly, the TAM measures revealed high scores 
for Perceived Usefulness and Perceived Ease of Use for all 
modalities (see Table 1), and statistical equivalence between 
all pairs was determined based on Ease of Use dimension. 
This finding is consistent with prior research, which shows 
that immersive training systems can maintain high usability 
when interface design is intuitive and familiar (Linte et al. 
2013; Mendes et al. 2019; Wells et al. 2024).

Regarding workload, measured through the NASA-TLX, 
most dimensions showed no significant differences. How-
ever, the Frustration dimension was significantly higher for 
the 2D Aid condition compared to No Aid. This may reflect 
the higher cognitive effort required to interpret 2D projec-
tions without spatial context. In contrast, the 2D–3D Aid 
group, despite receiving more information, did not show 
increased frustration or significantly higher workload, sug-
gesting that well-integrated 3D aids may help reduce cog-
nitive effort through intuitive spatial cues (Lin et al. 2021; 
Wenk et al. 2023). Prior work indicates that fragmented or 
planar information imposes higher processing demands, 
whereas adding volumetric visual cues makes spatial rela-
tionships more readily interpretable (Sweller 2011; Krüger 
et al. 2022; Wenk et al. 2023). This may help explain why 
the 2D–3D Aid interface did not lead to increased workload 
despite offering richer visual content.

RQ2: How do users’ procedure precision and execution 
time differ when comparing the No Aid, 2D Aid, and 2D-3D 
Aid groups in EVD placement during the training phase? 
During the training phase, both catheter placement preci-
sion and execution time varied significantly depending on 
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Moreover, the Training Phase was conducted using a 
single digital skull and a single patient-specific CT dataset, 
which limited anatomical variability and may have reduced 
the diversity of training scenarios. The similarity between 
the virtual model and the physical skull used in testing could 
also have introduced a degree of visual familiarity, poten-
tially contributing to the observed accuracy. To mitigate 
this limitation, future work will incorporate multiple clini-
cal cases and CT datasets, as well as 3D-printed anatomical 
models, to increase variability, enhance realism, and better 
assess generalization and skill retention.

Additionally, the tracking system used in this study was 
based on controller-mounted sensors, which, while being 
practical and efficient, may not reach the precision levels of 
optical navigation systems used in operating rooms. Similar 
trade-offs have been reported in other medical XR applica-
tions (Dastan et al. 2024). The choice of employing Meta 
Quest 3 controllers for spatial tracking, rather than marker-
based or fiducial-based optical systems, was primarily 
driven by the need for portability, low setup complexity, and 
full system autonomy. As Meta has recently enabled access 
to its headset cameras, we plan to upgrade the system to 
incorporate advanced computer vision algorithms for mark-
erless tracking. Regarding tracking accuracy, the system 
relied on controller-mounted sensors available on the Meta 
Quest 3. While this approach does not reach sub-millimeter 
precision typical of optical tracking systems used in intra-
operative settings, it was sufficient for our study objectives. 
Our goal is not to provide intraoperative guidance but to 
support early-stage procedural training. The same tracking 
setup was used across all experimental conditions, ensuring 
consistent measurement of relative performance.

Preliminary testing indicated that the average positional 
drift remained below approximately 5  mm during stable 
placement, which was acceptable for the purposes of train-
ing and group comparison. Future versions will integrate 
markerless tracking through headset cameras, which Meta 
has recently made available, enabling computer vision-
based improvements in precision and usability.

7  Conclusions

This study introduced NeuroMix, a Mixed Reality simulator 
for EVD placement, designed to assess how different visual 
aids affect procedural performance and short-term skill 
retention. In a controlled study with 48 participants, those 
trained with combined 2D–3D visual aids showed the most 
significant improvement in precision, including reduced tilt 
and rotation errors, during unaided testing compared to the 
Control group. The statistical analysis confirmed that train-
ing modality significantly influenced retention, highlighting 

These results suggest that integrating 2D and 3D spa-
tial guidance during training enhances procedural memory, 
enabling users to mentally reconstruct accurate trajectories 
even without external aids. Prior work shows that combining 
planar and volumetric cues supports the formation of more 
robust spatial representations, reducing the mental effort 
required to reproduce complex movements (Castro-Alonso 
et al. 2019; Krüger et al. 2022). This may explain why the 
2D–3D Aid group retained higher accuracy and showed less 
directional bias during unaided testing, consistent with evi-
dence that immersive spatial cues can strengthen motor skill 
transfer (Butaslac et al. 2022; Daling and Schlittmeier 2024; 
Lin et al. 2021).

Moreover, an ANCOVA controlling for the number of 
training attempts confirmed a significant effect of training 
modality on retention performance, emphasizing that the 
quality, not just the quantity, of training matters (Sels 2002). 
Interestingly, although the 2D–3D Aid group had the best 
accuracy, it did not translate to faster execution. All trained 
groups were slower than the Control group during unaided 
testing. This may reflect a more cautious, deliberate execu-
tion strategy, commonly observed after high-fidelity train-
ing, where accuracy is prioritized over speed (Batmaz et al. 
2016). Finally, the ANCOVA test suggested that while differ-
ent training modalities significantly impacted skill retention 
in terms of accuracy, especially when using advanced com-
bined 2D and 3D visual aids, speed relies more on repeated 
practice. We assume this is due to the fact that participants 
were not encouraged to prioritize speed during the training 
phase, but rather to focus on accuracy. Indeed, all the feed-
back provided during training related solely to placement 
precision, with no emphasis on execution time. Even when 
using the 2D–3D Aid, which offered 3D visualization of the 
trajectory, participants still required a relatively long time 
on average (Vékony et al. 2022).

6  Limitations and future works

This study demonstrated the effectiveness of the NeuroMix 
system for EVD placement training, however we acknowl-
edge some limitations. The evaluation focused exclusively 
on short-term skill retention, as the Testing Phase was con-
ducted immediately following the Training Phase. Future 
work will aim to investigate long-term retention effects to 
better understand how procedural skills evolve.

Although the Testing Phase involved a physical catheter 
and skull phantom, it lacked essential aspects of clinical 
realism, such as dynamic tissue deformation, bleeding, and 
the pressures of time-sensitive decision-making. These fac-
tors are known to influence user behavior, stress levels, and 
performance in real-world settings (Zhou et al. 2024).
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included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Giraldo JP, Cho SS, Eghrari NB, Dholaria N, Farber SH, Ehredt RB, 
Michaels C, Fotias DJ, Godzik J, Sonntag VK (2025) Advances 
in neurosurgical education: literature review of mixed-reality 
simulation models and novel mixed-reality spine prototype. J 
Neurosurg Spine 1(AOP), 1–14

James H (2020) Use of cadavers to train surgeons: what are the ethical 
issues? J Med Ethics 46(7):470–471

Colombo E, Regli L, Esposito G, Germans MR, Fierstra J, Serra C, 
Sebök M, Van Doormaal T (2023) Mixed reality for cranial neu-
rosurgical planning: a single-center applicability study with the 
first 107 subsequent holograms. Oper Neurosurg. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​2​2​7​​/​o​n​​s​.​0​0​0​0​0​0​0​0​0​0​0​0​1​0​3​3

Kazemzadeh K, Akhlaghdoust M, Zali A (2023) Advances in artificial 
intelligence, robotics, augmented and virtual reality in neurosur-
gery. Front Surg 10:1241923. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​s​​u​r​g​.​2​0​2​3​
.​1​2​4​1​9​2​3

Isikay I, Cekic E, Baylarov B, Tunc O, Hanalioglu S (2024) Narrative 
review of patient-specific 3D visualization and reality technolo-
gies in skull base neurosurgery: enhancements in surgical train-
ing, planning, and navigation. Front Surg 11:1427844. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​s​​u​r​g​.​2​0​2​4​.​1​4​2​7​8​4​4

Lungu AJ, Swinkels W, Claesen L, Tu P, Egger J, Chen X (2021) A 
review on the applications of virtual reality, augmented reality 
and mixed reality in surgical simulation: an extension to different 
kinds of surgery. Expert Rev Med Devices 18(1):47–62

Anatomy and Physiology (2023) In: Greenberg MS (ed) Greenberg’s 
Handbook of Neurosurgery, 10th edn. Thieme ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​5​5​​/​b​0​​0​0​0​​0​0​7​​5​1​​h​​t​t​p​​s​:​/​/​​m​e​d​​o​n​e​​-​n​e​​u​r​o​​s​u​r​g​​e​r​​y​.​t​​h​i​e​m​​e​.​c​​o​m​/​​e​
b​o​​o​k​s​​/​c​s​_​​2​0​​4​4​9​​4​2​7​#​​/​e​b​​o​o​k​​_​c​s​_​2​0​4​4​9​4​2​7​_​c​s​2​8​2​5​9 Accessed 
2025-04-03

Flint AC, Rao VA, Renda NC, Faigeles BS, Lasman TE, Sheridan W 
(2013) A simple protocol to prevent external ventricular drain 
infections. Neurosurgery 72(6):993–999

Alizadeh M, Xiao Y, Kersten-Oertel M (2024) Virtual and augmented 
reality in ventriculostomy: a systematic review. World Neurosurg 
189:90–107. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​w​n​e​u​.​2​0​2​4​.​0​5​.​1​5​1

Gumprecht HK, Widenka DC, Lumenta CB (1999) Brainlab vectorvi-
sion neuronavigation system: technology and clinical experiences 
in 131 cases. Neurosurgery 44(1):97–104

AlAzri A, Mok K, Chankowsky J, Mullah M, Marcoux J (2017) Place-
ment accuracy of external ventricular drain when comparing free-
hand insertion to neuronavigation guidance in severe traumatic 
brain injury. Acta Neurochir 159:1399–1411

Kaplan AD, Cruit J, Endsley M, Beers SM, Sawyer BD, Hancock PA 
(2021) The effects of virtual reality, augmented reality, and mixed 
reality as training enhancement methods: a meta-analysis. Hum 
Factors 63(4):706–726

Daling LM, Schlittmeier SJ (2024) Effects of augmented reality-, vir-
tual reality-, and mixed reality-based training on objective perfor-
mance measures and subjective evaluations in manual assembly 
tasks: a scoping review. Hum Factors 66(2):589–626

Borsci S, Lawson G, Broome S (2015) Empirical evidence, evaluation 
criteria and challenges for the effectiveness of virtual and mixed 
reality tools for training operators of car service maintenance. 
Comput Ind 67:17–26

that training quality matters more than quantity. All three 
modalities were rated highly in terms of usability, useful-
ness, and ease of use. Notably, the 2D–3D Aid did not 
increase cognitive workload, suggesting that rich spatial 
cues can be well-tolerated when aligned with user familiar-
ity. The execution time was longer with visual aids com-
pared to the Control group. However, the statistical analysis 
indicated that execution speed improved mainly through 
repetition, not modality, showing that operational profi-
ciency benefits from practice regardless of the aid used. 
Beyond these experimental findings, the study also high-
lights practical considerations for real-world deployment. 
NeuroMix demonstrates how modern consumer-grade MR 
devices can reduce the cost and complexity typically associ-
ated with immersive medical training. Its standalone archi-
tecture allows flexible deployment across educational and 
clinical settings without requiring external tracking systems 
or dedicated computing hardware, supporting scalability 
and facilitating broader adoption of MR-based procedural 
training.
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