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This survey provides an overview of visualization and interaction techniques developed for anatomy ed-
ucation. Besides individual techniques, the integration into virtual anatomy systems is considered. Web-
based systems play a crucial role to enable learning independently at any time and space. We consider
the educational background, the underlying data, the model generation as well as the incorporation of
textual components, such as labels and explanations. Finally, stereoscopic devices and first immersive VR
solutions are discussed. The survey comprises also evaluation studies that analyze the learning effective-
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1. Introduction

Anatomy education aims at providing medical students with
an in-depth understanding of the morphology of anatomical struc-
tures, their position and spatial relations, e.g. connectivity and in-
nervation. Students should be able to locate anatomical structures,
which is an essential prerequisite for surgical interventions. They
should also be aware of the variability of the morphology and lo-
cation, e.g. of branching patterns of vascular structures. The tra-
ditional methods for anatomy education involve lectures, the use
of text books and atlases as well as cadaver dissections. Cadaver
dissection plays an essential role for many reasons, e.g. the train-
ing of manual dexterity and communication skills [1]. The realism
of this experience, however, is limited, since the color and texture
of anatomical structures in cadavers differ strongly from living pa-
tients. Other disadvantages associated with the use of cadavers, in-
clude their high cost, the difficulty of supply and short time they
can be used only.

While cadaver dissection is often part of anatomy education in
medicine, anatomy education in related disciplines, e.g. sport and
dentistry do not benefit from dissections.

Interactive 3D visualizations, in particular when combined with
specific learning tasks, have a great potential to add to these tra-
ditional methods and even partially to replace them. The latter is
desirable due to a shortage of cadavers and available teaching time
in anatomy [1]. Many studies indicate that students perceive inter-
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active systems as valuable learning resources and, moreover, they
made substantial progress in understanding spatial relations [2,3].

Anatomy education was one of the driving applications of med-
ical visualization techniques with the VOXEL-MAN as the outstand-
ing example [4]. Early medical visualization papers discussed high-
quality volume renderings of segmented volume data [5] or effi-
cient realization of clipping and cutting techniques, such as using
the virtual scalpel [6], all aiming at anatomy education. Another
development motivated by anatomy education is labeling, where
sophisticated algorithms were developed to ensure an efficient and
pleasant label placement. Although the focus of most medical vi-
sualization research shifted towards diagnosis, treatment planning
and intraoperative support, anatomy education made progress as
well. The advent of web-based standards, in particular the intro-
duction of WebGL, and the recent progress of affordable VR glasses
triggered the development of new systems in research and in com-
mercial settings.

Besides technically motivated developments, progress was also
made w.r.t. motivational design partially inspired by serious games
and w.r.t. a proper balance between self-directed learning and
guidance. The essential questions from an application point of
view are, of course, how the learning is affected and which stu-
dents will benefit from virtual anatomy systems. This survey ar-
ticle also pays attention to studies where the learning effects are
analyzed.

So far, there is no survey article on this issue. However, in the
chapter “Computer-Assisted Medical Education” (with a focus on
surgery training) of the book “Visual Computing for Medicine” [7],
anatomy education is discussed in some detail. Also in the pre-
vious book by Preim and Bartz [8] anatomy education is part of
one chapter. The latter is outdated, since many systems were in-
troduced later. We pay attention to avoid large overlaps to these

https://doi.org/10.1016/j.cag.2018.01.005

Please cite this article as: B. Preim, P. Saalfeld, A survey of virtual human anatomy education systems, Computers & Graphics (2018),

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
2
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57


https://doi.org/10.1016/j.cag.2018.01.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cag
mailto:bernhard.preim@ovgu.de
mailto:preim@isg.cs.uni-magdeburg.de
https://doi.org/10.1016/j.cag.2018.01.005
https://doi.org/10.1016/j.cag.2018.01.005

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

114

115
116
117
118
119
120
121

JID: CAG

[m5G;January 25, 2018;9:57]

2 B. Preim, P. Saalfeld / Computers & Graphics xxx (2018) Xxx—-xxx

chapters, focusing on more recent developments and on evalua-
tions that were barely discussed at all there.

Scope of the survey. Anatomy education may be discussed from
a teacher perspective and from a learner perspective. The teacher
perspective involves the tools necessary to author interactive 3D vi-
sualizations and relate them to the symbolic information (anatomic
names, categories, relations) as well as self-assessment tools and
other methods to directly support learning. These tools comprise
segmentation and model reconstruction as well as hypertext facil-
ities to organize textual information. In this survey, however, we
restrict to the learners’ perspective, i.e. we focus on the character
and quality of the available information and the techniques to ex-
plore this information space and acquire knowledge. We do not
discuss how the information space was created. We also restrict to
anatomy education for medical students and exclude related disci-
plines, such as dentistry or studies of veterinarians.

There is wide variety of computer systems that support
anatomy education, including those that use only static 2D images
and associated text or additional media, such as audio. Multimedia
versions of anatomic atlases are popular examples. We restrict our
discussion to systems that support the exploration of anatomical
structures in 3D and refer to these systems as virtual anatomy (VA)
systems. Such VA systems enable to display anatomical structures
from any viewpoint and are not restricted to a few familiar view-
ing directions such as a text book. This includes desktop solutions,
semi-immersive and virtual reality systems. We do, however, con-
sider systems that integrate 2D slice-based visualizations and 3D
visualizations, since this integration is important for many clinical
disciplines.

Recently, considerable effort was spent on using augmented
reality for anatomy education [9,10] including a survey on aug-
mented reality in medicine [11]. To restrict this survey to a man-
ageable size, we do not consider these systems since a number of
specific topics would be involved. Another recent development in
anatomy education is the creation of physical models with 3D print-
ing [12,13]. These models offer tactile cues when explored and can
be generated in a cost-effective manner and thus can potentially be
used widely. In this survey, we do not discuss these developments.
A related medical education topic is surgery simulation where vir-
tual reality solutions are advanced but since target users, goals and
systems are strongly different, we do not discuss them.

Selection strategy. This survey is based on a comprehensive
search in various digital libraries (Sept. 2017). A search for the key-
word “anatomy” in the Eurographics digital library resulted in 292
publications and a search for “anatomy education” in the IEEE dig-
ital library to a further 202 publications with “anatomy” being part
of the title or abstract. Moreover, Google Scholar and PubMed were
used for searching. The selection of the papers to actually consider
was based on relevance, originality and visibility. Papers, where
anatomy education is not central, were discarded. This relates to
papers where anatomy is considered with the goal of character an-
imation and also papers with focus on education in surgery. Jour-
nal publications were favored instead of, e.g. local EG chapter pub-
lications. Short papers were excluded, except they present a highly
innovative concept. As a minor criterion, citation numbers were
also considered to ensure that highly visible papers are included.

2. Educational background

E-learning in general is an essential trend in many disciplines.
Students may use e-learning resources at any time and adapt
the system to their learning goals. Self-assessment facilities, such
as multiple choice questions, careful guidance, and motivational
strategies, are essential components. Communication functions to
share thoughts and questions with other students and teachers
further enhance the learning experience. E-learning systems may

even be tailored to the individual user by managing their learn-
ing progress and adapting the presentation of tasks and material.
The potential of e-learning is only realized with highly motivated
self-disciplined users — a prerequisite that is fulfilled in case of
medical students. Many studies indicate that medical students en-
joy online anatomy resources. The survey of Jastrow and Hollinder-
bdumer [14]| shows that students consider them as motivating and
appreciate high-quality visualizations, keyword searches and up-
to-date information in particular.

All general principles of e-learning, for example w.r.t. instruc-
tion design and use of media, apply to anatomy education as well.
The special situation in anatomy is the extremely complex struc-
ture of the human body, characterized by various systems that are
closely related to each other. The level of required spatial under-
standing in anatomy is extraordinary. Anatomic structures have to
be recognized from different perspectives, understood in relation
to adjacent structures and finally integrated in an understanding
of regions and systems [15]. The potential of interactive 3D visual-
ization is that students actively explore anatomical structures and
their spatial relations in a direct way [16].

2.1. Learning theories

In the following, we discuss major learning theories that are
mentioned in VA system descriptions to justify design decisions.
These theories have in common that they go beyond learning of
mere facts, as supported by drill-and-practice programs—the earli-
est type of e-learning software. Pedagogical background informa-
tion is provided by Dev et al. [17], including a history of e-learning
in medicine since the 1960s.

Constructivism and embodied cognition. According to construc-
tivists’ theories, active learning favors spontaneous knowledge con-
struction and thus reduces cognitive load compared to tradi-
tional learning experiences. Moreover, the handling of anatom-
ical structures—the interactive rotation—resembles the way stu-
dents would explore such structures in reality when they, e.g. ro-
tate real bones in their hands. The advantage of this similarity is
due to the phenomenon of embodied cognition, i.e. learning bene-
fits from the involvement of body movements. Based on increasing
evidence, embodied cognition considers the perceptual and mo-
tor systems as essential ingredients of cognitive processes [16]. As
an example, Kosslyn et al. found that physical rotation leads to a
stronger activation of the motor cortex in a subsequent mental ro-
tation task [18]. Of course, the similarity between movements in
the real world and in the virtual world is higher with a 3D in-
put device or with head tracking in VR compared to a 2D mouse.
But even a 2D input device provides the experience how the view
changes depending on the speed and direction of movement. A
3D input device has the added advantage of a good stimulus-
response compatibility; a close correspondence between movements
to steer an object and the resulting changes in the visualization.
Jang et al. [19] highlight the additional learning effect due to in-
teractive manipulation of 3D content compared to passive view-
ing of prepared video sequences showing the same content. Thus,
anatomy learning requires more than passive viewing even if the
presented material is of high didactic quality. The relation be-
tween constructivism and virtual reality learning environments is
discussed by Huang et al. [20].

There are different links between constructivism and anatomy
education. Murray and Stewart [21], for example, use a physical
3D model of the skeletal system and learners should place wires
as models for nerves to learn about the origin and path of nerves.
This active engagement may generate knowledge in the construc-
tivists’ sense. A similar experience may be provided in a virtual
anatomy system. Ma et al. [22] argue that students learn anatomy
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