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Figure 1: Mixed Reality system for training and skill retention assessment. On the left, during the Training phase, the user
is guided by 2D, 3D, and audio cues to insert a digital catheter into a digital skull. On the right, during the Skill Retention
Assessment phase, the user performs the same task on a physical skull using a physical catheter, however, unlike in training,

the MR system is used solely to measure precision, without providing any guidance.

Abstract

External Ventricular Drain (EVD) placement is a complex neuro-
surgical task that requires identifying a target point within the
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brain and accurately positioning a catheter at the appropriate angle.
While Mixed Reality (MR) technologies have seen limited adoption
in the operating room, they offer significant potential for develop-
ing training systems that enhance skill acquisition and retention in
unaided conditions. A current gap in research concerns the effective-
ness of multimodal guidance systems that incorporate both visual
and audio-based MR cues. In this paper, we present an MR-based
simulator for EVD placement training and evaluate the impact of
three MR-guided training modalities: (1) a baseline condition using
only 2D CT scans and a 2D catheter projection; (2) a visual guid-
ance modality incorporating a 3D trajectory overlay; and (3) an
embodied-audio guidance modality featuring a virtual agent deliv-
ering spoken instructions and feedback. Participants underwent a
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digital training phase using one of the three modalities, followed
by an unaided EVD placement on a physical phantom with a real
catheter to evaluate skill transfer and retention. Results indicate
that both advanced MR modalities signi cantly improve procedural
accuracy, execution speed and receive higher scores in usability and
technology acceptance compared to the baseline. Notably, train-
ing with 3D visual trajectory guidance led to signi cantly higher
unaided placement accuracy, indicating stronger skill retention.
However, multimodal guidance demonstrated equivalent execution
speed, while showing a trend toward lower overall cognitive load.
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to catheter misplacement in up to 60% of cases, increasing the risk
of patient complications [2].

Neurosurgical residents typically undergo standardized train-
ing under the supervision of experienced surgeons, often with the
support of neuronavigation systems and following the see one,
do one, teach one approach [33]. During these sessions, trainees
receive real-time guidance through visual cues, such as observing
the expert's catheter alignment or tracking its trajectory on the
neuronavigation display, and auditory feedback from the supervis-
ing surgeon, which reinforces critical decisions and intraoperative
adjustments. However, a variety of factors increasingly prevent
intraoperative support, leading to reduced training opportunities.
These include stricter regulations on resident working hours and
growing concerns about patient safety [3, 52]. This highlights the
need for MR training systems designed to improve residents' ability
to perform freehand EVD placement without any form of intraop-
erative guidance.

The design of the MR interfaces and the choice of the form of
guidances in training systems is a crucial factor that can signi -
cantly impact skill transfer and retention. When users are presented
with overly or poorly organized information, performance can suf-
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1 Introduction

Neurosurgery has been at the forefront of adopting Mixed Reality
(MR) technologies, o ering a promising solution by providing risk-
free simulators for medical training [5, 14, 23]. These simulators
are characterized by the ability to recreate realistic anatomical en-
vironments and procedural work ows through highly detailed 3D
models and interactive scenarios. By integrating visual and audi-
tory guidances and feedback, they allow learners to practice critical
decision-making and manual skills in a controlled setting [70, 31].
Due to the restricted use of MR headsets in the operating room [32],
it is crucial that these training systems foster strong skill trans-
fer and retention in unaided scenarios. This ensures that learners
are able to perform surgical tasks accurately without relying on
MR-based guidance during the procedures.

External Ventricular Drain (EVD) placement is a critical neu-
rosurgical procedure that involves inserting a catheter into the
brain's ventricular system to drain uid and relieve intracranial
pressure [24]. Following identi cation of the entry point, the sur-
geon advances the catheter toward the operation draining target,
carefully setting the trajectory and depth to minimize the risk of
complications. The task requires a high level of spatial awareness,
anatomical knowledge, and manual precision [24]. Neuronaviga-
tion systems align preoperative imaging with the patient's anatomy
using tracking technologies. Although neuronavigation systems
can support accurate EVD placement [27, 1], they are not always
available in all operating rooms and are often inaccessible in emer-
gency settings [1]. As a result, freehand placement without any
visual guidance remains the only practical option in many cases.
Freehand placement is typically performed at the bedside and leads

D objects, strategic waypoints, animated overlays, and virtual
hands [12, 37]. Auditory cues, although slower to process, can en-
hance spatial memory and are particularly useful in complex or
noisy environments [21]. The use of virtual avatars in relation to
audio cues has been shown to improve communication and mental
immersion [8, 37].

The existing literature on MR-assisted EVD placement focuses
primarily on systems intended for use in the operating room. In this
context, MR-based solutions are preferred over Virtual Reality (VR)
or non-immersive methods, as they integrate physical and virtual el-
ements. Unlike VR, which isolates users from real instruments, MR
enables manipulation of actual catheters and skull phantoms with
spatially aligned digital guidance. However,previous studies have
not speci cally addressed the development of training tools specif-
ically designed to improve performance in freehand procedures
without MR-based assistance [11]. Furthermore, another research
gap concerns the identi cation of which interface and guidance
modalities most e ectively support skill transfer and retention, par-
ticularly the role of multimodal interfaces that integrate visual cues
with avatar-driven auditory feedback.

To address these gaps, the present study introduces an MR sim-
ulator for EVD placement and evaluates three distinct learning
modalities. The rst modality integrates axial, coronal, and sagit-
tal CT slices into the user's eld of view, along with a real-time
projection of a virtual catheter overlaid on the imaging planes to
support trajectory planning (Multiplanar modality). The second
modality builds upon such a modality by introducing a 3D ani-
mated guide that demonstrates the correct spatial placement of the
virtual catheter (Multiplanar Spatial modality). The third modal-
ity extends the Multiplanar mode by incorporating multimodal
cues with a virtual avatar that provides auditory feedback to guide
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catheter positioning (Multiplanar Avatar modality). The MR simu-
lator implemented is designed to be portable and low-cost. Unlike
traditional MR systems for EVD placement that rely on complex
tracking infrastructure, such as multiple infrared cameras and xed
setups [11], our solution does not require external tracking hard-
ware. This not only signi cantly reduces the cost but also allows
for exible deployment, making it accessible in both academic and
clinical settings.

The study included 40 medical residents with basic neuroimaging
knowledge but without EVD placement experience. After complet-
ing the training session, all participants undergo a testing phase in
which they are asked to perform the EVD procedure on a physical
phantom skull using a real catheter, without any MR-based visual
and/or audio assistance. A separate control group, which does not
receive any training, completes only the testing phase. This allows
for a comparative evaluation of performance and skill retention in
the di erent conditions.

In this paper, our contributions are threefold. (i) System Design:
we introduce a self-contained, mobile MR platform deployable on
consumer-grade headsets (Meta Quest 3), enabling fully untethered
training without external tracking systems or computing infras-
tructure. (ii) Avatar-Guided Training: we propose an instructional
modality using a virtual avatar to deliver real-time, context-aware
verbal feedback, simulating a clinical mentor. (iii) Skill Retention
Study: we conduct a controlled user study (N = 40) assessing short-
term EVD skill retention across three training modalities and a
control group.

2 Related Work

This section reviews prior work on multisensory cue integration
in MR and mechanisms of short-term skill retention, followed by
literature on MR systems for EVD placement.

2.1 Multimodal Cues in MR precision tasks

In simulations requiring manual precision and trajectory memo-
rization, managing sensory cues is crucial, as too many or unclear
cues can reduce accuracy and raise error rates [9]. The existing
literature [68, 67, 12, 43] highlights the importance of two cate-
gories of cues: visual (e.g., 3D objects, icons, animations, highlights,
interactive holographic content) and auditory (e.g., step-by-step
instructions and feedback, con rmation sounds, error alerts) [68,
26]. Avatars can serve as a form of multimodal guidance: assigning
a voice to an embodied agent enhances communication and immer-
sion compared to audio-only instructions [8], while audio remains
valuable for preserving real-time interaction.

Building on prior work in surgical training [68, 26], our system
integrates visual cues such as highlights, interactive 3D objects,
and textual or spatial feedback. Di erently from most approaches,
we speci cally investigate multimodality by introducing an avatar
that provides spoken guidance.

A meta-analysis of 43 studies [9] showed that adding auditory
to visual feedback improves reaction time and performance under
normal load, but not error rates, and may hinder high-precision
tasks. More recent evidence [48], however, indicates that combining
verbal and visual feedback supports tasks requiring ne manual
accuracy. The e ectiveness of multimodal feedback thus remains

VRST '25, November 12 14, 2025, Montreal, QC, Canada

unclear and, in surgical contexts such as EVD placement, largely
unexplored.

2.2 Multimodal Cues and Skill Retention

The acquisition and retention of skills is a well-established eld
of study, grounded in foundational theories of learning stages [17,
38, 68, 48, 36]. The literature show that distributed practice yields
more durable retention than massed practice, and that feedback
is most e ective when delivered progressively and with reduced
frequency [68, 58].

In [38] the authors show that even skills acquired e ectively
through simulation-based training are subject to signi cant decay,
if not reinforced, in particular complex tasks like surgery. This
underscores that while simulation is a powerful tool for initial
skill acquisition, regular refresher intervals are needed to ensure
sustained competence [68]. Recent works [28, 58] show that modern
training technologies, such as MR, provide immersive and adaptive
learning environments that can mitigate skill decay.

To address these challenges, we developed a MR training system
that is both portable and cost-e ective. Unlike many existing train-
ing platforms [11], our system does not rely on cumbersome and
expensive tracking hardware. This design not only enables e ective
training but also facilitates frequent and accessible practice in both
academic and clinical settings.

For memorization tasks, visual cues often yield better long-term
retention than auditory ones [41], though multimodal cues can
enhance attention and retention [30]. In high-precision manual
tasks, visual cues aid short-term retention [68], but the role of
multimodal feedback remains unclear. Our study addresses this gap
by examining their impact on short-term skill retention in EVD
placement.

2.3 EVD placement in MR environments

Most MR research on EVD placement has focused on developing
guidance tools to assist surgeons during the procedure [11]. In prior
studies [63, 20, 40, 25, 65, 18], users performed the task with MR-
based guidance, with no evaluation under unaided conditions. Our
work di ers by speci cally examining user performance without
MR assistance.

Visual cues in MR systems provide real-time guidance on catheter
trajectory, angle, and depth [16, 7, 18, 59], often through virtual
markers, anatomical overlays, diagnostic images, and feedback pan-
els [25]. Furthermore,[19] triggers cues based on gaze tracking,
while[7] found 3D aids more e ective than 2D.Auditory cues (e.g.
verbal instructions or sound e ects) are far less common; in one of
the few studies using them [13], surgeons emphasized their value
for enhancing MR guidance in brain tumor resection.

Unlike previous work, our approach is the rstin the EVD do-
main to implement a multimodal interface that combines visual cues
with a voice-enabled avatar, delivering real-time verbal feedback to
actively support the user during the procedure.

Most MR systems for EVD placement use Microsoft HoloLens
with registration and outside-in tracking [18, 60, 20]. In contrast,
our approach leverages Meta Quest 3's inside-out tracking, enabling
autonomous localization without external references, greater porta-
bility, a wider eld of view, improved rendering, and lower cost.
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Figure 2: Training and Testing Architectures.

Validation of these systems has been conducted on phantom
heads [63, 20] and 3D-printed skulls [16], always with medical sta
operating under MR-guided assistance. A key innovation of our
study lies in evaluating training impact on skill retention in the
absence of MR guidance.

3 Motivation and Design

In this section, we provide a detailed description of the training
and testing systems and the design and objective of the present
study. The system design and study protocol were developed in con-
sultation with experienced neurosurgeons, who provided feedback
on the clinical plausibility of the research work ow.

3.1 Training system design and architecture

The training system (as shown Figure 2, left panel) is a MR appli-
cation and its architecture comprises two core components: the
Application Engine and the Training Modalities. It was built with

Unity3D (v2022.3.10f1) and the Meta SDK (v62.0.0) [47], and it was

installed on the Meta Quest 3 headset, where interaction is provided
through hand-tracking.

3.1.1 The Application Engine. The Virtual Panel (VP), Digital Skull
(DS), and Digital Catheter (DC) are the three virtual components
whose data visualization and synchronization are handled by the
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Application Engine. A real-time, bidirectional synchronization sys-
tem is used to synchronize these parts. In addition to reacting to
user input, every piece actively updates the others.

As an in-world interface, the VP gives the user real-time feed-
back and data visualization. Depending on the speci ¢ Training
Modality interface chosen, di erent content will be shown. In gen-
eral, important data including brain CT scans, trajectory angles,
and insertion depth are displayed on the VP (see Figure 3). The
design adopts a familiar layout [54], re ecting interfaces commonly
encountered by professionals in the eld [50]. Additionally, the VP
includes green virtual panels that slice through the DS, displaying
corresponding CT scan sections directly on the VP.

The DS represents the skull of an anonymous patient, allow-
ing users to explore key anatomical landmarks such as Kocher's
point and the foramen of Monro (blue and red points in Figure 4,
respectively), which serve as the entry and target sites for the EVD
procedure [24]. We used 3DSlicer software [50] to reconstruct the
DS using a brain CT images dataset. The nal 3D model was cali-
brated in Unity for accurate DICOM alignment and downsampled
in Blender [49] to ensure hardware compatibility.

DC is the virtual surgical tool (blue stick in Figure 4). To improve
the user's handling, a green sphere is xed at the tip of the DC.

The user is guided through the key steps of EVD placement
via an interactive work ow. Initially, the user selects one of three
possible entry points on the DS, ideally identifying Kocher's point.
If an incorrect point is chosen, the VP provides error feedback,
encouraging anatomical recognition as required in real surgical
settings. Once the correct entry point is con rmed, the virtual
simulation begins. First, the target point is identi ed within the CT
scans. The user can either drag green panels that appear on the DS
or use the buttons on the VP to scroll the CT pictures in order to
nd the target spot indicated with a red dot (see Figure 3a). Then,
the DC trajectory is de ned using three degrees of freedom: Tilt,
Rotation, and Depth. Tilt and Rotation can be adjusted via the VP
or directly in 3D space, while Depth, requiring millimeter precision,
is set exclusively through VP sliders [46] (see Figure 3b).

After con rming the trajectory, the system evaluates the trial
and provides post-trial feedback, including a textual summary of
the Euclidean distance from the target point and a 2D visualization
showing the DC projections on the CT images (see Figure 3c). A
3D feedback is also provided, displaying both the target point and
the DC (see Figure 3d). The user can click the "Retry" button on
the VP to repeat the process, supporting iterative practice and
gradual skill re nement. The user can restart the process by clicking
"Retry" on the VP, enabling iterative practice and progressive skill
improvement.

3.1.2 The Training Modalities. Multiplanar (MP), Multiplanar-Spatial
(MP-S) and Multiplanar-Avatar (MP-A) are the three training con-
ditions o ered by the implemented system (see Figure 4).

Multiplanar Modality. The design of a neuron navigation sys-
tem served as the model for the interface [27, 1]. The anatomical
planes are shown simultaneously in the VP. The purpose of this
interface is to facilitate the association between the 3D DS and the
2D CT slices on the VP [46]. The selected CT slices are retained
as visual references in subsequent phases, providing contextual
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