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Abstract—Undergraduate medical students are taught human
anatomy typically with the aid of 2D drawings and images and
are expected to understand 3D relationships from such 2D repre-
sentations. This is challenging. In this paper, we present AnaVu,
a lightweight visualization system for teaching 3D anatomy at
a classroom scale. We propose a stereoscopic system along with
an easy-to-use interface as a scalable 3D visual aid. This is an
alternative to VR/XR devices that can only serve a handful of
students and are heavy on computational resources. For large-
scale classes (~ 100 — 150 students), 3D visualization provides
a direct way of depicting spatial relations, with stereoscopic
projection further providing depth cues to distinguish fine
structures. The visualization in AnaVu also integrates gross 3D
and Radiological Anatomy. It is controllable by the lecturer
with a mouse via a simple user-interface. The visualization
supports labels for parts, animations and multimedia. Lessons
can be prepared and loaded quickly in class. The proposed
solution was evaluated quantitatively and qualitatively by 180
students drawn from two medical institutions, and by 24 anatomy
educators. The evaluation results show the proposed solution
to be viable and effective for 3D spatial learning. AnaVu’s
integration of Radiological anatomy enhances its applicability,
providing students with a comprehensive understanding of 3D
anatomical structures and correlating them with cross-sections
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captured in radiological images. This aspect was appreciated by
both the educators and students.

Index Terms—Anatomy, Visualization, Stereoscopy, Computer
Graphics, Learning Evaluation

I. INTRODUCTION

With the reduction in class time for teaching anatomy
and its heavy reliance on drawings from textbooks and 2D
images, it is becoming increasingly difficult to teach Anatomy
which requires students to learn names of and spatial relations
between numerous 3D structures [1], [2]. Cadaveric/virtual
dissection, textbook 2D images and atlases help students
build up an intuition for these relations. This, however,
takes time as one has to mentally generate a 3D map of
structures to properly understand orientations, positions and
spatial relations between numerous fine 3D structures. The
underlying cognitive process, though understated, is extremely
important and is the main struggle for new learners [3]. Most
2D illustrations do a poor job of defining 3D concepts and
may outright not depict complex 3D relations. It is however
imperative that students learn in 3D for them to successfully
diagnose and treat patients in their professional role as a
doctor.

Attempts have been made to directly integrate 3D
visualization for anatomical teaching in class using virtual,
augmented and mixed reality systems [4]. Though these
systems provide a good view of the 3D anatomical landscape,
they can only be accessed by a few users at a time and are
not scalable to a classroom setting (~ 50 — 150 students).
Such systems also rely on heavy computational resources,
which may not be available in a low-resource setting [5].

Visualizations based on computer graphics and artistic
renditions of anatomical structures are popular but rarely
represent a true picture of the various organs as opposed
to in vivo images used in hospitals/clinics. This can cause
a mismatch in student understanding based on classroom
learning vs. practice. We propose to use in vivo images,
such as MRI scans, to build 3D structures from acquired
data. This allows our system to register extracted structures
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Fig. 1: The overall AnaVu framework showcases various input pipelines and applications in a classroom setting.

volumetrically and convey spatial information accurately both
in terms of 3D and 2D slices. The use of in vivo images
also provides an introduction to radiological anatomy - as
practically used in established workflows, helping diminish
the gap between what is learnt in class versus medical practice.

In this paper, we present AnaVu, an easy-to-use
visualization system based on real-world data to teach
anatomy at a classroom scale using stereoscopic projection.
This provides a scalable middle ground between learning
from 2D on the one hand and sophisticated VR/XR systems
on the other. Similar to 3D projection systems used in cinema,
AnaVu uses passive stereoscopic projection to provide depth
cues at a large scale. This helps students identify fine
structures and presents a clearer understanding of the spatial
relations between them, as explored in our experimental
evaluation section (Section IV).

We base AnaVu atop a custom SceneGraph
implementation [6], that can support multiple medical
data formats including NIfTI, Tractography and 3D meshes
along with animations and multimedia files. This allows
AnaVu to integrate multiple inputs into a single space to
create an interactive lesson that supports static, dynamic
and volumetric data. Used alongside stereoscopic projection,
an easy-to-use interface and low computational resource
requirements allow AnaVu to be deployed easily in most
classroom settings.

We build upon the preliminary conference publication [7]
of this work on the integration of medical gross anatomy,
radiological anatomy, and 3D spatial understanding within the
AnaVu framework. First, we incorporate detailed technical
descriptions and report on new experiments conducted with
a significantly larger student cohort of 137 students with
two different lessons. Second, we include evaluation by
anatomy educators, who serve as key stakeholders in the
educational domain. Third, we employ rigorous quantitative
and qualitative analyses, including a detailed examination of

free-text responses, to provide a comprehensive understanding
of AnaVu’s functionalities and its potential impact on anatomy
education.

The main contributions of AnaVu are :

Structure extraction from in-vivo images for precise ren-
dition and registration of various 3D structures in volume
and 2D slices.

A light-weight SceneGraph implementation supporting
NIfTI, tractography, extracted 3D meshes, volumetric
segmentation and volume files, animations and fluid sim-
ulations along with multimedia formats to show labels,
videos and images using existing literature.

A flexible GUI design - created with teacher inputs to
keep various functions user-friendly for easy viewing and
manipulation of on-screen data with support for 2D/3D
switching and free focus on 3D data or volumetric slices
for better contextual learning.

In the remainder of the article, we present the related work
in Section II, followed by the design and architecture of AnaVu
in Section III. Evaluation of the system in classroom settings is
presented in Section IV and finally, in Section V conclusions
are drawn and our outlook on future work is presented.

II. RELATED WORK

Integrating 3D visualization for in-class teaching has
been successfully attempted [8] and with the advent of
online classes, due to the COVID pandemic, its adoption
has accelerated. Such systems have proven to be especially
useful in rural classrooms [9], [10]. Higher education
institutes can afford better equipment and are adopting
the latest technologies including VR/XR devices, with
anatomy teaching adopting highly specialized systems such
as Anatomage [!1] and Anatomical Studio [4]. Integration
of stereoscopic video presentation for anatomy teaching has
also been attempted with modest success [3]. A good survey
of these systems as applicable to anatomical teaching can be



Fig. 2: AnaVu design - functional encapsulation using inde-
pendent modules.

found in [12]. Fig. 3: AnaVu SceneGraph, showing various types of nodes
and connections.

Most digital anatomy learning systems can be categorized

in one of two ways: (i) digital representations of conventional . . _
2D data - like images, videos and articles availapl€al-world patient data. Low computational requirements along

online [13] or via Learning Management systems [14] an‘Hith stereoscopic projection further allows AnaVu to visualize

presentation systems [15] and (i) specialized systems biliese concepts in a fast and interactive manner. This is scalable
especially for a particular purpose such as dissection [1f] classroom setting comprising arouts0 students.

and VR/XR anatomical teaching [4]. The former are simple
representations of 2D data and are no better at conveying 3D lll. DESIGNMETHODOLOGY
concepts than existing literature, while the latter are helpful in A visualization pipeline for classroom usage must have
providing good visual feedback to students but rely on heaease of use, scalability and low resource usage as its primary
computational hardware, are limited to a few students amshets. This allows for easy deployment in a low-resource
cannot be scaled and integrated well in a classroom settiggtting. It is desirable to use existing infrastructure as much
especially in low resource settings. as possible to cater to many students to minimize the cost.
Most higher education classrooms are typically equipped with
Detailed graphics-based 3D anatomy teaching atlases havprojection system and a computer to enable presentations.
also been developed [16], [17]. The Complete AnatominaVu is designed to use this as the base target con guration
system [18] by Elsevier is a fully interactive system witlwith the recommended stereoscopic projection enabled by
layered ne sub-structures detailing nearly complete humaniding a second projector with polarization lters and glasses.
anatomy. With support for videos, muscle interactions and order to keep the teacher in control of the teaching, we
bone mappings it can facilitate easy learning of 3D structureloose to implement an easy-to-use GUI that is legible at
and their behaviours. The system, though impressive, is builtclassroom scale. The overall framework for the AnaVu
upon graphical renditions of its structures. Speci cally, bonesystem is summarized in Figure 1.
muscles, veins and other sub-structures are generated by an
artist to be used as templates in the 3D system. Though @s shown, AnaVu can import data from multiple streams
useful resource for supplementary learning, depending solelyd consolidate it in a common space. Medical image formats
on such systems for in-class teaching can result in a mismagtith as NIfTI [21] and TRK (Tractography) [22] are natively
between practical hospital work ows vs. in-class learningsupported. 3D Meshes can be generated from volumetric
Recently, 3D models created from-vivo MRI scans have slice capture using segmentation followed by well-established
been explored to teach neuroanatomy in various waygsipelines such as ITK-SNAP [23], or artistic liberty can
One approach to teaching radiological anatomy visualisee taken using 3D software such as Maya or Blender [24].
3D models on a 2D screen [19] while another teach@geshes can then be exported along with the volumetric
postgraduate students neuroanatomy using a VR headsetdgmentation to be viewed in AnaVu. Fluid simulations
visualise the MRI scan in 3D rendered with the Unity 3lare supported in the form of pre-baked animations using
platform [20]. the Alembic [25] format, a staple of the VFX industry.
This allows AnaVu to use pre-computed uid dynamics
AnaVu also generates 3D structures from in vivo images galculations to avoid real-time expensive operations while
order to provide a true picture of the underlying anatomy &&ing consistent across all playbacks.
opposed to graphical representations. Medical 3D scans and
meshes derived from them are used in contrast to generic stublternally, AnaVu is designed to be modular as shown in
(Figure 1), along with conventional knowledge in the fornfrigure 2. Each module is responsible for one aspect of the
of text, images and video overlays to explain concepts usiagplication and minimally interacts with other modules via



Fig. 4: AnaVu GUI showing the renderer and the panels.Fig. 5: Stereo projection using extended-display mode. 3D
model is shown for the brainstem lesson.

the Central module. Designing AnaVu in this way allows

functional encapsulation within a module and allows fdio the same structure. However, if the neighbouring voxels
further development and replacement as and when the né&etpng to different structures the faces of the cube are tested
arises. Each module in AnaVu re ects / changes the maffir intersections between voxel position lines. A sub-surface
data structure, the SceneGraph. The user interacts with iedrawn between the voxel position and face intersection
GUI and modi es the SceneGraph, while the import and expoPpints, generating the boundary of the segmented structure as
module creates and stores the SceneGraph using les; the rarhollow 3D mesh surface.

derer re ects the SceneGraph using stereo/mono projection on

screen, with all interactions between modules facilitated by tA&@e algorithm follows the following steps:

Central module. Since everything is stored in the SceneGraph, Divide the space within the given bounds into an arbitrary
it is imperative that our SceneGraph implementation handle number of voxels (cubes).

static, dynamic and volumetric data while being interactive and Test the corners of every voxel, whether they are inside
light on resources. These constraints de ne our design choice. the bounds of the structure.

SceneGraph data structure implementation is explained in the For every voxel where some corners lie inside and others
next section along with the 3D structure generation, GUl and lie outside, a surface must pass through it, intersecting

rendering modules. the edges of the voxel in between corners of opposite
structure classi cation.
A. Structure Generation Pipeline Generate a surface within each voxel connecting

these intersections to produce a closed mesh for the

In-vivo 3D MRI scans of the brain are rst passed through corresponding surface.

a segmentation module which identi es structures of interest

such as hippocampus, cerebrum, optic tract, and others
: : : : The 3D meshes are then saved as standard STL or OBJ
Segmentation of MRI scans is done automatically using oper-s with further support for formats such as TRK for the

source software tools such as FreeSurfer [26]. The whol ‘ hv data. Th | data of th i d
brain, including most macroscopic structures, is segment getography data. The volume data of theé segmentation an

in this way, resulting in the segmentation 40 structures the mputt MtF;I volume ?rg alsor(]-:-xp%rt?r(]j air:\”t];ﬂ flslrg:at lles
per hemisphere, including the subcortical structures. THR register the generated meshes both wi € volume
Brainsuite toolbox [27] is used to extract the left and righ?nd '|ts segmentation. Thg same colour and opacity valqes are
Cerebral Cortexes. Since segmentation algorithms for gﬁplled to the segmentation and the mesh to keep consistency

structures in the brain are unavailable, manual segmentatﬂ)‘ﬂoss dat_a modal|t|e§, this helps in ez_asny identifying the
by an expert is also used. The manual annotation frdm 1structures in the 2D slices when presenting the lecture using

MRI images is performed using the ITK-SNAP open sourd%navu'

software [23]. Prior ethical approval through the Institute .

Review Board (IRB) was obtained for all the MRI scans used: SceneGraph and Pull Based Evaluation

in this research. With its rst introduction in the SGI-PHIGS system [30],

SceneGraph and its derivatives have been time-tested,

The segmented structures are passed on to the nextl-understood data structures underpinning modern 3D

module for conversion to a surface representation, needgdphics applications and gaming engines [31]. At its core,

for rendering, using ITK-SNAP or the VTK library [28]. a SceneGraph is a directed acyclic graph of disparate

The conversion of segmented data to a 3D mesh is basmitles connected via attributes. Each node is independent

on a voxel sub-division method, similar to the marchingnd performs its own computations based on its inputs

cubes algorithm [29]. The overall segmentation space amd updates its output attributes after the computation has

sub-divided into equal sized cubes (voxels) and traversbden completed. This allows the SceneGraph to perform

to determine if the neighbouring voxels belong to the sanmedependent, lazy evaluations only on the branches of the

structure, no operation is performed if the voxels belorngraph that are participating in an operation. It is this precise
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