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Abstract

The three-dimensional (3D) visualization of dural venous sinuses (DVS) networks is desired by surgical trainers to create a clear
mental picture of the neuroanatomical orientation of the complex cerebral anatomy. Our purpose is to document those identified
during routine 3D venography created through 3D models using two-dimensional axial images for teaching and learning
neuroanatomy. Anatomical data were segmented and extracted from imaging of the DVS of healthy people. The digital data
of'the extracted anatomical surfaces was then edited and smoothed, resulting in a set of digital 3D models of the superior sagittal,
inferior sagittal, transverse, and sigmoid, rectus sinuses, and internal jugular veins. A combination of 3D printing technology and
casting processes led to the creation of realistic neuroanatomical models that include high-fidelity reproductions of the neuro-
anatomical features of DVS. The life-size DVS training models were provided good detail and representation of the spatial
distances. Geometrical details between the neighboring of DVS could be easily manipulated and explored from different angles.
A graspable, patient-specific, 3D-printed model of DVS geometry could provide an improved understanding of the complex
brain anatomy. These models have various benefits such as the ability to adjust properties, to convert two-dimension images of
the patient into three-dimension images, to have different color options, and to be economical. Neuroanatomy experts can model
such as the reliability and validity of the designed models, enhance patient satisfaction with improved clinical examination, and
demonstrate clinical interventions by simulation; thus, they teach neuroanatomy training with effective teaching styles.

Keywords Dural venous sinuses - Brain imaging - Neurosurgical education - 3D neuroanatomical models - Clinical skills -
Minimally invasive neurosurgery - Surgical trainers

Introduction

Neuroanatomy is a discipline where spatial visualization is of
importance. While neuroanatomical textbooks and atlases
provide 2D static anatomical illustrations, they are of limited
value in exposing 3D dynamics of neuroanatomical structures
[1, 2]. Learners may find it difficult to visualize 2D images as
3D and understand certain dynamic aspects of functional anat-
omy. Visual-spatial ability has been defined as the ability to
mentally manipulate objectives in three dimensions [3, 4].
Such ability is important for medical students/surgical trainers
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to understand anatomical structures and is also essential to
surgical trainees and surgeons [5, 6]. Therefore, the ability to
visualize and mentally manipulate 3D structures and correctly
identify them and related structures is an important skill to
medical students when the anatomy is presented in various
positions [6—8].

3D printing technology creates a physical model from a 3D
computerized imaging source file and it is also referred to as
rapid prototyping, stereolithographic, or additive manufactur-
ing [6-8]. Considering the importance of 3D learning and
teaching anatomy models in medical curricula, understanding
the range of models used and the impact of using such 3D
strategies on students’ learning necessitate a revision of stud-
ies covering 3D models [9, 10].

The benefits of simulation in the acquisition of technical
skills, as a means to complement operative training, have been
described in a number of studies. Nevertheless, there are no
effective studies and functional simulations of dural venous
sinuses (DVS) model for the students/surgical trainers to prac-
tice minimally invasive neurosurgical procedures before
performing these procedures and treatments on actual patients
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[11-13]. 3D models are functional in surgeries as they provide
spatial awareness and let the surgeons experience how the
DVS seem, move, and respond during the procedure.

The aim is to evaluate different factors affecting learning by
using 3D neuroanatomical models and their impact on the
learning process. 3D model of complex DVS anatomy has
been a promising tool not only for education but also a guide
in treatment strategies, pre-procedural planning, diagnostic
work-up, and device testing instructional advancing
neurovascular research.

Materials and Methods

3D MR venographies were used to develop patient-specific
DVS training models of the anatomical components (Figs. 1,
2,3,4,5,6,and 7). Retrospectively collected radiology image
data from patients with normal DVS networks and controlled
consisted of a 3D MR venography (Figs. 1 and 2). Digital
Imaging and Communications in Medicine (DICOM) images
were converted into standard 3D file format
(StereoLithography file, STL). The STL files were translated
into code for 3D printing (Figs. 3, 4, and 7).

Data Extraction and Segmentation

Segmentation allowed for surface extraction of all the struc-
tures of interest from the MRI scan data. In our work, the
method of thresholding is used as a segmentation method. It
is one of the simplest ways of segmenting the image. It is also
used to convert grayscale images into binary images. Once the
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degree of graft in anatomical structures of interest has been
detected with the help of histograms, they are threshold to
highlight the detail of interest in the image to eliminate the
remaining details. The new value of a pixel is calculated with
the following formula:
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Here, the pixels exceeding the threshold T value 1 is
assigned as 0, while the new value of pixels remaining below
this value is assigned as 0.

The resulting digital model was then edited to repair the
artifacts in the polygonal structures and render it printable
(Figs. 1,2, 3,4, 5, 6, and 7). The digital models in the STL
format are arranged by anatomists (M.A.O. and A.B.K.) to
remove artifacts that arise. For this, a manual automatic
smooth operation was performed using free Autodesk
Meshmixer 2017® (version 3.2.37, Autodesk Inc., USA) soft-
ware. This process took about 2—3 min.

Surface Extraction and Model Processing

The final digital models consisted of a 3D mesh made up of
thousands of polygons. Automatic smoothing was applied via
an algorithm to the digital surface models to reduce the num-
ber of polygons, and improving the appearance of the models
is undefined. It modifies the underlying structure by manually
editing and then smoothing the text. A comparison before and
after changes will help to understand how much the first struc-
ture has changed (Fig. 4).

Fig. 1 3D magnetic resonance venography frontal plan image obtained in a 25-year-old woman with normal appearance of dural venous network
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Fig. 2 Computerized tomography venogram of the dural venous network showing normal appearance on sagittal plane

Laplacian algorithm is used to reduce polygon numbers
with automatic smooth operation. A natural problem with
the formation of automatic triangular surface braids is that
the resulting polygonal surface is faceted, and it contains sin-
gle triangles with very small angles. The original Gaussian
surface of the STL format digital model is smooth.
However, the resulting network may roughly rough the sur-
face. Additionally, singular triangles can cause difficulties in
calculating the BEM (boundary element method) and corre-
sponding volume network formation. For this reason, a
smooth method is required to improve the qualities of the
surface networks. The Laplacian smooth algorithm is an algo-
rithm used to correct triangular surface mesh. This algorithm
changes the position of the nodes without changing the

network topology. In the Laplacian smooth process, each cor-
ner moves to a new position defined by taking the average

position of its neighbors:
N
In the formula P; = §- Y.q; where N; is the number of
e

adjacent vertices of the node, g; is the adjacent vertex position.
To control the smooth ratio, the current position of ¢; is in-
cluded in the calculation of the new position of p; and the new
formula was calculated as

B
pi = (1-P)g; +Fi j;qj'-

Fig. 3 Visualization of the imaging segmentation of the dural venous
network, applied on stereolithographic file to remove superimposition
of the scalp and skull allowing inspection from a back, b left side, ¢

front side, d superior angles. —) superior sagittal sinus, H

superior anastomotic vein, 9 inferior anastomotic vein, M

@ Springer

transverse sinus, h straight sinus, ( sigmoid sinus, )

inferior sagittal sinus, ) occipital sinus, . internal jugular vein



J Digit Imaging (2019) 32:314-321

317

Fig. 4 Views of digital model .STL format opened by Autodesk
Meshmixer 2017® (version 3.2.37, Autodesk Inc., USA) software
before smooth processing (b—d) and after smooth processing (a—c).

The (3 value is the parameter that controls the softening
rate. Generally, (3 takes a value between [0, 1].

The digital model representing the DVS required minimal
manual editing, apart from minor smoothing and polygon er-
ror repair, whereas the digital models representing the DVS
network as well as sagittal, sigmoid, transverse sinuses, and

Fig. 5 Made of polylactic acid 3D building dural venous network
fabricated using MassPortal Pharaox XD printer
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Smooth processing reduced the number of polygonal triangles and
corrected the surface mesh, and the topology of the mesh did not change

internal jugular veins had a significant number of artifacts,
including gaps in the polygonal wall and an irregular block-
like appearance. Once the models were rendered free of errors,
the data were converted to a STL—a format compatible with
3D printers (Figs. 3 and 6). Once mesh editing was applied to
the extracted surface models, they appeared more realistic and
resembled the anatomical structures in the MRI scans.

3D Printing

The STL file of the final digital dataset was delivered elec-
tronically to the Laboratory of Digital Imaging and 3D
Modeling at the Ege University, [zmir, where the 3D printing
was carried out using the Mass Portal PHARAOH XD printer.
The DVS networks were reproduced and anatomically em-
bedded into the training models (Fig. 5). Each model was
printed en bloc, surrounded by supports to protect over-
hanging parts of the model during the printing process. Once
printed, the models underwent post-manufacture processing,
which included removal of the support structures.

A questionnaire was applied to 10 neurosurgical residents
to evaluate the 3D model’s perception. An Objective
Structured Assessment of Technical Skills (OSATS) scale
was used in the questionnaire to provide information about
the competence and sensitivity of the anatomical model as a
specialty training tool.

Pearson correlation coefficients and kappa statistics were
used to assess the rating for OSATS questions. After CT scan
of the anatomical models was measured, the life-size, patient-
specific model was proven to be individualized. SPSS (18.0)
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Fig. 6 Printed three-dimensional model of dural venous network can be
allowed of inspection from all angles. a back, b left side, ¢ front-left side,

d superior angles. -—’ superior sagittal sinus, H superior anasto-

motic vein, 9 inferior anastomotic vein, M transverse sinus, h

program was used for statistical analysis, and the threshold
value for statistical significance was calculated as 0.05.

Results

The reconstructed models of DVS network can be rotated into
360° at any angle and the patient’s position, which helped in a
better understanding of the orientation of vessels. The DVS
model demonstrated the exact anatomy to understand the var-
iable configuration in space. Geometrical DVS network
anomalies can be clearer in control and variable cases. All
reconstructed 3D-printed models described here can be
displayed in 3D presentation in a life-size specimen. It
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remains a true anatomical representation. The external shape
of the DVS network and their dimensions are measurable
(Fig. 7). Surgical satisfaction of the model proved to be mea-
surable during training and planning surgical procedures. The
evaluation revealed that the model was remarked as an actual
data in terms of teaching, learning, surgical training, and pre-
operative planning (95%).

Some opinions were obtained according to the survey
results.

* The rapid development of 3D pressure has created a new
earning and teaching tool for medical education.

* New and cheap 3D printing technology has been com-
bined with the production of patient-specific models from

Fig. 7 Comparison of proximal, distal diameters, and length of the transverse sinus measured by MeshLab software (a, b, ¢) and General Electric AW
Server software (d) for 3D CT reconstruction of the printed dural venous network model and digital dural venous network in STL format
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DICOM data obtained during CT, MRI, or ultrasound
scanning.

* Depending on the area of interest, these printed models
show anatomical and structural conformity consistent with
the patient’s actual illness process.

» This eligibility allows students to see and understand
rough pathology and structural relationships before
surgery.

* Improved visualization permits surgical teams to plan in-
terventions more precisely and limit resection, model-
appropriate implant sizes.

The superior sagittal sinus run convex, was narrow anteri-
orly, ran backwards, and showed gradual widening (Figs. 1, 2,
3b-d, and 6b—d). Primary tributaries from cortical veins of the
frontal lobes were received (Figs. 1, 2, 3a—d, and 6a—d). The
superior sagittal sinuses was deviated, usually to the right, and
continued as a transverse sinus (Figs. 1, 3a,d, and 6a—d). Its
dilated posterior end was the confluence of the sinuses. It also
connected with the occipital and contralateral transverse sinus
(Figs. 1,2, 3, and 6). The size and degree of communication of
the channels meeting at the confluence were highly variable.

Inferior sagittal sinus’ size was increased in size posteriorly
and terminated in the straight sinus (Figs. 2, 3b, c, and 6b, c).
Each sigmoid sinus curved inferomedially as continuations of
the transverse sinuses and turned forward to the internal jug-
ular vein (Figs. 1, 2, 3a—c, and 6a—).

The straight sinuses were observed in each control case.
The straight sinus lies in the junction of the falx cerebri with
the tentorium cerebelli and is also triangular in cross-section
(Figs. 2, 3b, ¢, and 6D, ¢). Postero-inferiorly, the sinus runs as a
continuation of the inferior sagittal sinus.

The occipital sinus was the smallest of the sinuses, situated
in the attached margin of the falx cerebelli and is occasionally
paired (Figs. 1, 2, and 6). Cavernous sinus was totally normal
in the control group (Figs. 2, 3b, d, 6b, and ¢). Internal jugular
veins were symmetrical and dominant-side of cases (Figs. 1,
2, 3, and 6). Measurements of model also were evaluated in
ten separate parameters, including diameter, length, height,
angle, and shapes (Fig. 7). After CT scan of the anatomical
models was measured, the life-size, patient-specific model
was proven to be individualized. The difference was not sig-
nificant in the distances between models and CT scans of the
models.

Discussion

The venous sinuses are often neglected when considering ce-
rebral disease [14, 15]. The neuroanatomy of the DVS system
is particularly eloquent and poorly understood [16, 17]. The
spatial visualization of neurodural anatomy is of primary im-
portance. Knowledge of variable anatomical structure of DVS

is also essential. A critical element of neurosurgical training is
based on the analysis of neuroanatomy and the ability to safely
and precisely navigate surgical instruments through restrictive
corridors without resulting in collateral damage to the sur-
rounding tissue [15, 18, 19]. Text-books of neuroanatomy
are often used in surgical training, but the images present in
those books provide 2D, static snapshots of the real 3D anat-
omy [20-22]. Cadaver dissection guide surgeons in neuro-
anatomy, but they cannot provide tactile feedback and dynam-
ic properties of real living tissue [23, 24]. Live animal surger-
ies are also used in understanding dynamics, but the animal
anatomy might significantly differ from the anatomy of the
human brain [25, 26]. With all these drawbacks, surgical
models are progressively distinguished as powerful, cost-
efficient alternatives allowing errors without cadaver or ani-
mal involvement and procedure rehearsal [27-29]. Model
size, visual appearance, and neurosurgical anatomy were per-
ceived as very realistic [30-32].

3D models have become popular rapidly especially in or-
thopedic surgery, plastic surgery, and vascular surgery [9-12,
15, 24, 27]. Due to its ability to demonstrate complex anatomy
of structures and networks, 3D printing is preferred in
catheter-based interventions and interventional neurosurgery.
Reduction in operation and recovery duration, reduced blood
loss, and better resection margins are some of the potential
advantages [30, 31]. Manufacture of 3D-printed models of
the brain in this article was based on CT and MRI data which
were unique to the patient with variations of dural sinuses
(Figs. 1, 2, 3, 4, 5, and 6). To our best knowledge, this is the
first full-sized DVS model prepared with innovatory approach
described in this article, which allows forming complex neu-
roanatomical models with use of low-cost fused deposition
modeling printing technique (Fig. 6a—d). So far, the only
cost-effective DVS models that have been created have repre-
sented variation DVS or internal jugular vein, not showing
them as a whole anatomy of the area (Fig. 6a—d).

In terms of production, time and cost our model fabrication
is unequivocal. The total cost of each model where the
manufacturing is fully automated is US$50, and no additional
implant is printed on the model. It only takes 12 h to print. On
the average, 2 h for segmentation, 2 h for regulation, and 2—
3 min for smooth is required for the process. Accordingly, the
total time is about 16 h. With these images, patient-specific 3D
anatomical models are quickly printable, easy, and cost-
effective.

Development of 3D printing technologies enables faster,
easier, cheaper, and more accurate models [6, 25, 26, 28,
29]. The advancements in this area such as optimal imaging
and improved volumetric software will soon allow us to cir-
cumvent one of the 3D manufacturing steps and print the PLA
directly from medical images. 3D modeling is the technology
of the future due to the fact that it leads to personalized surgi-
cal initiatives, the development of doctor-patient relationships,
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and the visual contribution to intern education. One of the
most intriguing work areas of recent times is that 3D printing
is an attractive, powerful, and versatile technology that has the
potential to be accessible to everyone. With 3D printing ma-
terials in education, young neurosurgeons are actively in-
volved in the learning of sight and touch. Effective learning
is provided by seeing the organ structures as a whole. In edu-
cational establishments, cost-effective production and wide-
spread use of 3D printing materials is important, as the num-
ber of students, the financial resources of the institution, and
the significance given to the applied training in the training
program, and the continuity of production of 3D printing
materials.

For this, 3D printing material unit and its team should be
involved in training management. In pre-operative planning
unlike traditional practicing on live animals, surgeons can
now learn with organs and tissues created with 3D print. 3D
biodegraded neuroanatomical models can be useful for neu-
rosurgeons to reflect lesions and normal brain structures, cra-
nial nerves, vessels, and the relationship between the skull and
the brain structures. These 3D bioprint models can help to
identify safe surgical corridors in brain surgery.

Newly developed 3D printing technologies can recreate
patient-specific anatomy, but the stiffness of the materials
limits fidelity to real-life surgical situations (Figs. 1,2, 3, 4,
5, 6, and 7). 3D models can be used to visualize the pathology
and variation of a neuroanatomical structure in neurosurgical
education.

In the work done, 3D-printed models have shown that they
can improve the performance of the residents and the learning
speed. They significantly improve the knowledge, manage-
ment, and confidence of the young neurosurgeons regardless
of their area of expertise. In surgical intervention, physical
interaction with the model has proven to be the key to gaining
the necessary motor skills to improve the results of the oper-
ating room. 3D digital reconstruction of the surgical anatomy
was complementary with 3D physical models. In addition, in
neurosurgical education, the majority of assistants preferred
kinesthetic learning (tactile learning) in the display of anatom-
ical variation. The physical interactions or activities between
the 3D-printed models and the students are among the reasons
why models are indispensable in medical education while
providing better understanding of the forms and spatial rela-
tionships between the structures.

A full-scale reproduction including external physical de-
tails and brain imaging was developed via a unique collabo-
ration of a group of special anatomists, neuroradiologists, and
Neurosurgeons.

The uses of neurovascular 3D printing can be summarized
as follows:

* Neurosurgical education requires analysis of the normal
structure of the organs as well as anatomical variations.

@ Springer

Following the analysis, the variations can be highlighted,
digitized, modeled, and manipulated using 3D imaging.

* Visual inspection, direct manipulation of hand-held
models of neuroanatomy, variations, and pathology can
be carried out with medical 3D printing fabrication of
neurovascular structures, typically gathered from volu-
metric medical image data.

* Advanced modern imaging techniques such as CT and
MR are combined with dedicated 3D printing software
and hardware as part of neurosurgical 3D printing.

*  Neurosurgical 3D printing enables diagnostic work-up of
complex dural venous structure in addition to surgical and
interventional procedural planning and simulation.

* 3D printing develops the relation between the patient and
the surgeon and improves the communication with the
patient and their families as it guides them in understand-
ing their own diseases and participating in their own deci-
sion-making.

* Currently, clinical practice and the use of neurosurgical
3D bio-printing are not widespread. Nevertheless, it holds
great promise for the future.

Conclusion

An actual 3D neuroanatomical model including venous si-
nuses has been created. We believe that this model can be used
both in medical education and pre-operative surgical planning
stage for pathology regarding the cranium. 3D model of com-
plex dural sinuses anatomy has been a promising tool not only
for education but also a guide in treatment strategies, pre-
procedural planning, diagnostic work-up, and device testing
instructional advancing neurodural research and DVS disease
interventions.
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