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Introduction

The structural anatomy of the skull base and adjacent struc-
tures is very complex. Surgery in this region can be challenging
due to the density of functionally extremely important and at
the same time fragile structures, such as cranial nerves, arterial
andvenousvasculature, thepituitaryapparatus, thebrainstem,

the inner ear, and theorbits. Narrowcorridors alongor through
the skull base provide surgical access to this three-dimensional
(3D) labyrinth and, when learning to become a skull base
surgeon, one quickly realizes that understanding the anatomy
is most essential. That is, not simply the anatomy as it is
displayed in textbooks or as it can be identified in tomographic
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Abstract Objective We evaluated the usefulness of a three-dimensional (3D) interactive atlas
to illustrate and teach surgical skull base anatomy in a clinical setting.
Study Design A highly detailed atlas of the adult human skull base was created from
multiple high-resolution magnetic resonance imaging (MRI) and computed tomogra-
phy (CT) scans of a healthy Caucasianmale. It includes the parcellated and labeled bony
skull base, intra- and extracranial vasculature, cranial nerves, cerebrum, cerebellum,
and brainstem. We are reporting retrospectively on our experiences with employing
the atlas for the simulation and teaching of neurosurgical approaches and concepts in a
clinical setting.
Setting The study was conducted at the University Hospital Mainz, Germany, and
Hirslanden Hospital, Zürich, Switzerland.
Participants Medical students and neurosurgical residents participated in this study.
Results Handling the layered graphical user interface of the atlas requires some
training; however, navigating the detailed 3D content from intraoperative perspectives
led to quick comprehension of anatomical relationships that are otherwise difficult to
perceive. Students and residents appreciated the collaborative learning effect when
working with the atlas on large projected screens and markedly improved their
anatomical knowledge after interacting with the software.
Conclusion The skull base atlas provides an effective way to study essential surgical
anatomy and to teach operative strategies in this complex region. Interactive 3D
computer graphical environments are highly suitable for conveying complex anatomy
and to train and review surgical concepts. They remain underutilized in clinical practice.
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imaging. It is the anatomy as it is encountered intraoperatively
while inspecting the surgical cavity and it is the structural
configuration that needs to be anticipated beyond the visible
surface as tissue dissection or bone-work is performed. The
endeavor of comprehending this anatomy is a multimodal
process, traditionally based on the study of textbooks and
the experience one gainswhile assisting experienced surgeons
and, above all, dissecting cadaveric skull bases in dedicated
courses. Repeated courses are necessary to gain confidence in
dealingwith this surgical region, and a largeproportionof time
and effort initially is expended in understanding and appreci-
ating the basic 3D relationships of the structures along the
various surgical routes. Additionally, cadaveric temporal bones
are not easily available and carry with them the risk of
transmission of infectious agents.1

Over the past three decades, computational power, espe-
cially with respect to graphical rendering, has allowed gener-
ating and displaying 3D anatomy with increasing resolution,
realism, and interactivity. Many research groups have devel-
oped 3D models of the skull base or parts thereof and it has
been shown that these systems can effectively display and
convey spatial 3D information and substantially improve the
surgical training process.2–17

Nowinski et alhavebeendevelopingelectronic atlases of the
brain since the mid-1990s. The first 3D atlas18 was based on a
digitized, enhanced, and extendedmodel of the Schaltenbrand
et al19 and the Talairach and Tournoux20 atlases. It focused on
deep brain structures and has been clinically used as a 3Dmap
during functional stereotactic neurosurgery. The subsequent
addition of highly detailed arterial and venous vasculature,
cortex morphology, white matter tracts, and cranial nerves
significantly expanded the atlas.21,22 Thematrix for generating
these structures was high-resolution magnetic resonance
imaging (MRI) of a healthy Caucasian male (Wieslaw
Nowinski). Themost recent version of the atlas was developed
from 2010 to 201523,24 and contains the skull base. It includes
accurate bone morphology, derived from computed tomogra-
phy(CT)of thesamemalesubject, cranialnerves, thestructures
of the inner ear, arterial and venous vasculature, and the
brainstem with its major fiber tracts and nuclei. Emphasis
has beenplaced on an interface enabling intuitive and effective
3D navigation within clearly labeled structures and tools for
surgical viewpoint simulation and structural manipulation.
The aim of this work was to evaluate this skull base atlas
with respect to its effectiveness of teaching anatomy and
neurosurgical concepts to undergraduate medical students
and residents alike.

Materials and Methods

Atlas Creation
The virtual models of the skull, brain, brainstem, cranial
nerves, intra- and extracranial vasculature, white matter
tracts, and visual and auditory systems were developed from
3- and 7-T MRI and high-resolution CT scans of the same
healthy Caucasian male. The technical details of the 3D atlas
building have been addressed elsewhere,24 including segmen-
tation andparcellationof the tomographic data into individual

structures, 3D surface modelling, color-coding, and naming
basedonTerminologiaAnatomica,25aswell asplacementof the
models in the Talairach stereotactic coordinate system.20 The
structural anatomy was validated against domain knowledge
from multiple perspectives and communities including neu-
rosurgery, neuroanatomy, neuroradiology, and terminology.

Content and Interface
A free copy of the atlas23,26 is available at http://www.
thieme.com/nowinski.

The user first needs to fill in a questionnaire, submit it to
Thieme, and wait for permission to download the atlas. The
atlas does not work on Apple computers.

The 3D skull base model contains five bones (frontal,
paired temporal, occipital, sphenoid, and ethmoid), includ-
ing the foramina and canals, blood vessels, and cranial nerves
(CN) I–XII (bilateral with more than 600 segments) that pass
in and out of the bones. The structures of the brain and
brainstem, which have been developed for earlier versions of
the atlas, are available within the same 3D workspace and
can be switched on or off at any time.

A mouse- and keyboard-based interface offers a variety of
functions for structure assembly and disassembly, real-time
manipulation (zoom, rotate, pan, set views), 3D annotation,
and quantification (readout of distances, vessel diameters,
and stereotactic coordinates). Any configuration of bone,
brain, brainstem, intra- and extracranial vessels, and cranial
nerves may be composed. Navigation is supplemented with
moveable axial, coronal, and sagittal 2D MRI image planes
along with cut planes dissecting the 3D content in seven
directions. All 3D objects are automatically labeled and allow
for additionalmanual annotation.►Fig. 1 shows an overview
of the virtual skull base, and parts of the brain, including the
user interface.

Atlas Assessment
The atlas has been used since 2015 at the local Department of
Neurosurgery at Hirslanden Hospital, Zürich, to aid discussion
of anatomical spatial relationships while planning patient-
specific surgical approaches with neurosurgical residents and
fifth-year medical students during their clinical elective. Since
2016, working with the atlas has been part of biannually held
clinical courses for fourth-year students of the Johannes
Gutenberg University Medical School, Mainz, Germany. These
students had completed their anatomy courses (cadaver
dissection) in their second year and chose neurosurgery as a
1-week clinical elective as part of their mandatory surgery
teaching curriculum. During this 1-week period, a group of
eight students participated indaily clinical activities andvisited
the operating room as observers. Themain neurosurgery topics
were discussedwith emphasis on the anatomy of the brain and
skull base in the context of surgical approaches. Students and
residents were encouraged to use the atlas independently
rather than relying on having the anatomy of the atlas demon-
strated to them. At the end of the sessions, all student and
residents were questioned about their experiences with the
software, especially with respect to spatial learning. The
students of the courses in Mainz (48 in total) were additionally
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encouraged to summarize their thoughts in a short, written
report. Thesereportswereassessedinasemistructuredmanner
for common themes and observations.

Results

Atlas Content and Interface
Students and residents universally viewed the system posi-
tively. In their written reports (24 in total), most students
reported working with the atlas as being a key experience in
the process of understanding the spatial relationships of
intracranial and skull base anatomy. Value was seen in
the combination of theoretical information obtained from
the atlas and the subsequent implementation of this knowl-
edge during surgery, especially with regard to understanding
the surgical trajectory, vasculature, and cranial nerves.

Most participants initially found the interface difficult to
maneuver. As such, a 10-minute tutorial was introduced to
overcome this initial challenge. It was found to be especially
important to become familiar with the process of quickly
switching on and off relevant structures to strike the right
balance of structural density. During this process, it became
evident that the display of fewer structures may allow for
better spatial orientation and easier navigation toward and
through them. Once having mastered the learning curve of
handling the interface, the process of navigating toward and
through structures along virtual surgical trajectories led to
an intricate engagement with the virtual anatomy. Switching
on and off structures, rotating, panning, and the process of
zooming in and out toward target structures were the
functions used most frequently to develop an appreciation
of favorable surgical corridors.

Illustrative Cases
Atlas-based illustrations of surgical approaches are pre-
sented in ►Figs. 2–5.

Three videos were recorded while working with the atlas.
They have not been cut or edited in any way to demonstrate

Fig. 1 Overview including user interface. The right temporal and parietal bones are switched off.

Fig. 2 Subfrontal/pterional view illustrating the relationships of
important structures encountered: right optic nerve (1), right ICA
(internal carotid artery (2), emerging lateral to the optic nerve, being
partially hidden by the right anterior clinoid process (3), the branching
of the posterior communicating artery (4), the course of the oculo-
motor nerve (5), the bifurcation of the ICA into the MCA (middle
cerebral artery (6) and A1 segment of the ACA (anterior cerebral
artery, 7). Note also the position of the contralateral A2 segment (8)
and the two A2 segments of the ACA (9, 10). The anterior commu-
nicating artery would become visible when rotating toward a more
anterior viewpoint; in this image, it is positioned behind the proximal
A2 segment (!). The position of the olfactory bulb (11) is important to
understand with respect to subfrontal dissection and retraction.
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the interactivity and three-dimensionality of the atlas.
►Video 1 shows an overview, ►Video 2 a subfrontal and
►Video 3 a retrosigmoid approach.

Video 1

Overview of the cranial base with the 3D interactive
atlas. Osseous structures, cerebral vasculature, cranial
nerves, thebrainstem, and other anatomical structures
may be explored with an interactive console.
Online content including video sequences viewable at:

https://www.thieme-connect.com/products/ejour-
nals/html/10.1055/s-0041-1729975.

Video 2

Virtual planning of a subfrontal approach with head
positioning and simulation of the intraoperative cor-
ridor toward the cranial base including vasculature,
optic chiasm, cranial nerves, and pituitary stalk.
Online content including video sequences viewable at:
https://www.thieme-connect.com/products/ejour-
nals/html/10.1055/s-0041-1729975.

Video 3

Virtualplanningofarightretrosigmoidapproachincluding
head positioning and view toward the cerebellopontine
angle with all cranial nerves and relevant vasculature.
Online content including video sequences viewable at:
https://www.thieme-connect.com/products/ejournals/
html/10.1055/s-0041-1729975.

Fig. 3 Inferior view toward the pituitary gland, simulating a transsphenoidal
approach. The bone is removed, clarifying the structures beyond it: pituitary
gland(1), rightand left ICA(internal carotidartery,2,3)andcranialnerves III, IV,
V1, andVI in the cavernous sinus lateral to it, optic chiasm (4) and right and left
optic nerve (5,6). In the case of posterior extension of the approach, note the
position of the basilar artery (7) and the right and left PCA (posterior cerebral
artery, 8, 9). Also note the position of the anterior communicating artery (11),
and the neighboring A1 and A2 segments, theoretically of relevance during
tumor resection via a frontally extended, transsphenoidal approach.

Fig. 4 Right retrosigmoid approach; the cerebellum has been removed
(brachium pontis in gray). Overview of the brainstem, cranial nerves, and
vasculature: transverse sinus (1), sigmoid sinus (2), superiorpetrosal vein (3),
superior cerebellar artery (4), trigeminal nerve (5), abducens nerve (6),
vestibularandcochlearnerve (7, 8), glossopharyngealnerve (9), vagusnerve
(10), accessory nerve (cranial and spinal component, 11), hypoglossal nerve
(12), right vertebral artery (13), and right PICA (posterior inferior cerebellar
artery, 14). Lookingat the superior cerebellar artery (4), it canbeunderstood
that further caudal elongation cancausea conflict with the trigeminal nerve.
The anatomy during microvascular decompression, taking into account the
superior petrosal vein (Dandy’s vein), can be illustrated. Note the position
and course of the cranial nerves and arteries in the cerebellopontine angle
and premedullary, relevant during tumor or aneurysm surgery.

Fig. 5 Overview from posterolateral of the posterior fossa, brain-
stem, and upper cervical spine. The labels shown here were auto-
generated by the software.
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Discussion

The bony- and soft-tissue components of the human skull
base form a 3D space of overwhelming anatomical intricacy.
Mastering the art of skull base surgery is an extensive process
continuously centered upon understanding the surgical tar-
get structures and the corridors that lead toward them.
Traditionally, skull base anatomy has been taught by the
use of drawings and pictures. Textbooks of anatomy,27

neuroanatomy,28,29 neuroradiology,30 and neurosurgery
serve as a rich source for anatomical overview and some
print atlases even provide 3D illustrations, which may be
viewed with red–green glasses.31 Surgical approaches and
concepts to the skull base have been the subject of several
textbooks. Atlas of Skull Base Surgery and Neurotology by
Jackler and Gralapp32 provides step-by-step descriptions of
surgical techniques on the basis of detailed artistic drawings.
Skull Base Surgery33 by Janecka and Tiedemann illustrates
surgical approaches with drawings and photographs of
plastinated models as well as MRI and CT cross sections. In
addition to drawings, several groups have published text-
books that include photographs of cadaver dissections: Skull
Base and Related Structures: Atlas of Clinical Anatomy34 by
Lang, Photo Atlas of Skull Base Dissection35 byWanibuchi et al,
and Atlas of Surgical Approaches to Paranasal Sinuses and the
Skull Base36 by Fliss and Gil comprise high-quality photo-
graphs as encountered through the most common skull base
microscopic and endoscopic approaches.

Outstanding work has been done by the late Albert Rhoton
Jr andhisgroup,whohaveproducedanexcellent3Dschematic
and cadaveric atlas of the brain and skull base accompanied by
detailed explanations of surgical approaches.37–43 These
contributions have advanced not only skull base surgery but
also cranial microsurgery as a whole and were also employed
in themodelling and verification of the atlas evaluated herein.

A limitation of anatomic textbook drawings and photo-
graphs is that it requires considerable mental effort to
transform the illustrations into 3D constructs that reflect
surgical viewpoints.

Working with 3D plastic models that are generated by
stereolithography provides a fairly realistic appreciation
of structural anatomy enhanced by tactile feedback while
drilling.44 The models, however, lack detail as it is difficult to
manufacture minute structures such as cranial nerves and
vasculature with current 3D printing technology, particular-
ly when structures are suspended in space. Furthermore,
subjecting these models to physical manipulation such as
drilling would require mass production to target larger
groups.

Computational power, especially with respect to graphical
rendering, has allowed generating and displaying 3D anatomy
with increasing resolution, realism, and interactivity,2 and the
complex structure of the skull base has seen it becoming the
focus of these electronic atlases.

The data of the Visible Human Project, an endeavor of the
National Library of Medicine to create a complete 3D repre-
sentation of the male and female human body, comprising
photographs of axial cadaver transection as well as corre-

sponding CT and MRI image series, served as the basis for
several anatomy visualization projects.11,45,46 Other anatomy
atlases have been created based on a variety of tomographic
imaging sources, which were integrated into a 3D model by
employing 3D graphical drawing tools.47–49

Specifically, with respect to skull base surgery, several
research groups have developed 3D computerized models
with 2D/3D interfaces to illustrate and help overcome visuo-
spatial challenges. Recently, Hendricks et al presented a highly
detailed andgraphically appealing virtualmodel of thehuman
skull.3 Kimura et al50 and Shono et al51 present simulation
systems for aneurysm surgery, Heiland et al52 focused on
maxillary and dental surgery, and de Notaris et al8,9 used 3D
simulation techniques to illustrate general concepts of skull
base surgery, focusing on anterior approaches. The anatomyof
the temporal bone and transpetrous approaches has been the
focus of several research groups, largely due to the exceptional
complexity of this region.4,5,7,15 Bernardo et al described an
interactive virtual temporal bone dissection model based on
stereoscopically rendered photographs from sequentially
deeper cadaveric dissections.7 The user was able to erase parts
of the layers of images with a mouse cursor and hence
experience the impression of drilling this complex terrain
during a surgical approach.

The concept of combining 3D computer graphicswith a 3D
interface and a stereoscopic display resulted in the develop-
ment of the virtual reality system Dextroscope. It has been
developed to plan and simulate neurosurgery with patient-
specific imaging data, and since it contains virtual bone
drilling tools, it proved to be especially useful for skull
base surgery. The system has been used for planning of
more than 2,000 cases6,12–14,17,53 in different institutions
and has been evaluated with questionnaires17 and with
respect to clinical outcome after being used for aneurysm
surgery planning.53

When simulating skull base surgery with 3D patient-
specific imaging data, the 3D segmentation and display
of minute structures is often challenging. Cranial nerves or
smaller vasculature, especially when distorted by tumors,
may be difficult to identify in preoperative MRI and hence
the patient-specific 3D model lacks detail. We have therefore
sought todevelopadetailedmodelof the temporal bonebased
on the photographic Visible Human data and embed it in the
Dextroscope. It contains all cranial nerves and the arterial and
venous vasculature and its space exploration and virtual
drilling tools allow simulating key approaches through and
along the area of the temporal bone and the middle and
posterior fossa.15

We have been using the current atlas to teach medical
students and neurosurgical trainees. Displaying the atlas
with a projector on a large screen creates a collaborative
scenario enabling clear and unambiguous depiction of the
three-dimensionality of structures and an interactive forum
for discussing surgical strategies. Reports from nonmedical
fields, such as geophysical exploration, engineering, and archi-
tecture, show that computer-generated 3D scenarios add value
in understanding spatial relationships and in discussing specif-
ic 3D tasks.54Our experiences confirm this observation.When
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using the atlas, a precise framework is set to discuss surgical
anatomy, and the simulation of intraoperative viewpoints
provides unambiguous information about spatial facts. While
navigating along surgical corridors, for instance, subfrontal,
subtemporal, or retromastoid, the structures within reach as
well as those to be avoided can clearly be demonstrated
(see ►Figs. 2–5). The accessibility of certain parts of the
vasculature while dealing with, for example, aneurysms or
microvascular decompression surgery can be understood in
view of the neighboring cranial nerves and the skull base. The
most striking difference to textbooks is the ability to shift
viewpoints to instantly reveal different trajectories and
distances toward relevant structures.

The level of detail and realism of the atlas renders it to be of
primary benefit for students or junior residents. Themain goal
is to facilitate the transition of understanding of neuroanatomy
as it is taught in anatomyclasses to neurosurgical anatomyas it
is encountered in the operating room. We observed that the
students benefitted fromgrasping relatively simple anatomical
spatial relationships, which are routine knowledge for experi-
enced surgeons. A good example is viewing the “upside-down”
anatomy of a subfrontal/pterional approach and the under-
standing that the carotid artery lies lateral to the optic nerve
and then curves “downward” to form the A-com complex,
“below” and in front of the optic chiasm. Although we did
not formally assess knowledge improvement, feedback during
the anatomical discussions, and especially after observing live
surgeries subsequent to atlas-based explorations, leads us to
conclude that the students draw remarkable benefit from the
teaching sessions with the atlas, confirming our earlier obser-
vations. In 2014,we assessed teaching the anatomyof the third
ventricle by randomizing 4th year medical students to teach
with standard 2D images or a 3D computer graphical model,
with the latter perceived by students as superior to presenta-
tions of still images.55

Other studies assessing small-group anatomy teachingwith
3D technological support confirm that individual spatial ability
is a predictor of improved learning outcomes.56–58

From a neurosurgical perspective, the current atlas can be
viewed as an interactive viewing space for essential struc-
tures, but not as a true neurosurgical simulator. It lacks
predefined surgical approaches, variants, and simulated
pathology, and it is limited by the fact that there is no
free-hand craniotomy or drilling tool. However, since the
virtual skull is parcellated along suture lines, removing
individual skull bones may simulate surgical access to a
certain degree. In addition, the ability to assemble and
disassemble any region of the skull base and to cut it in
axial, coronal, and sagittal planes allows a comprehensive
insight into detailed bony skull base anatomy including its
foramina, fissures, and embedded and adjacent cranial
nerves and vessels. We therefore agree with Hendricks
et al that a detailed and parcellated virtual human skull,
even one lacking surgical simulation features such as drilling,
is “a valuable resource for educational, research, and clinical
endeavours.”3

Future directions will focus on extending the current ana-
tomicmodel. Adding the tentoriumand the skull base durawill

result in a more realistic simulation of the intraoperative
experience, for example, with respect to the architecture of
skull base venous sinuses and the dural entry points of cranial
nerves.Moreover,weplan toaddskullvariantsandpathologies,
as well as the optional display of predefined surgical
approaches. This advanced 3D model may be merged with
immersive 3D content navigation—along the philosophy of 3D
interaction provided by the Dextroscope. This will enable
intuitive simulation of craniotomies and microscopic or endo-
scopic views along individually tailored surgical corridors. The
integrationofdeformablemodelsandhaptic feedbackwouldbe
the ultimate step toward a close-to-reality simulator, which
could be a valuable tool for residents or attendings when
preparing for certain surgical procedures.

An important question worth bearing in mind when
developing such a platform is: what level of structural detail
and realism is necessary for teaching? We believe that the
illustration of neurosurgical concepts to students and junior
residents does not require simulation that is on par with
surgical realism. It should rather facilitate the spatial learn-
ing process by accurately displaying key anatomical struc-
tures and, above all, permit quick and intuitive interaction
with these structures. The simulation of full microsurgical
procedures remains limited by currently insurmountable
obstacles such as realistic tissue dissection, control of bleed-
ing, defining tumor borders, or maneuvering instruments
within the constraints of a surgical corridor. With the
currently available computer graphics and haptic simulation
technology, these tasks cannot be simulated realistically and
hence, for the time being, the ideal neurosurgical simulator
must integrate a reasonable balance of computer graphical
realism, complexity of interaction, and system performance.

Conclusion

This 3D atlas is a comprehensive source of 3D anatomy,
embedded in a multifunctional user interface. It enables
the viewing of essential structures from different microsur-
gical viewpoints and can help diminish the anatomical
learning curve associated with skull base surgery. Given
the limitations on junior surgeons’ working hours and ever
fewer opportunities to learn surgical anatomy in the operat-
ing room, computer-assisted 3D anatomical learning has a
role to play in supplementingmore traditionalmethods at all
levels of training.
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