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Development of Three-Dimensional Hollow Elastic Model for Cerebral Aneurysm Clipping
Simulation Enabling Rapid and Low Cost Prototyping

Toshihiro Mashiko1, Keisuke Otani1, Ryutaro Kawano2, Takehiko Konno1, Naoki Kaneko1, Yumiko Ito1, Eiju Watanabe1
-OBJECTIVE: We developed a method for fabricating a three-dimensional
hollow and elastic aneurysm model useful for surgical simulation and surgical
training. In this article, we explain the hollow elastic model prototyping method
and report on the effects of applying it to presurgical simulation and surgical
training.

-METHODS: A three-dimensional printer using acrylonitrile-butadiene-styrene
as a modeling material was used to produce a vessel model. The prototype was
then coated with liquid silicone. After the silicone had hardened, the acrylo-
nitrile-butadiene-styrene was melted with xylene and removed, leaving an outer
layer as a hollow elastic model.

-RESULTS: Simulations using the hollow elastic model were performed in 12
patients. In all patients, the clipping proceeded as scheduled. The surgeon’s
postoperative assessment was favorable in all cases. This method enables easy
fabrication at low cost.

-CONCLUSION: Simulation using the hollow elastic model is thought to be
useful for understanding of three-dimensional aneurysm structure.
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3D: Three-dimensional
3D-CG: Three-dimensional computer graphics
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JPY: Japanese yen
M1: Main trunk of middle cerebral artery
M2: First branch of middle cerebral artery
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INTRODUCTION

A prerequisite to cerebral aneurysm sur-
gery is a thorough understanding of both
the shape of the aneurysm and the
positional relationship of the aneurysm
with the parent artery and its branches,
bones, brain, cranial nerves, and so on.
In the past, cerebral angiography was the
only method available for this purpose.
The surgeons had to construct mentally a
three-dimensional (3D) image in the
brain using two-dimensional images
from a limited number of angles. The
complexity of the vascular network
around the aneurysm naturally made
3D visualization of the structure difficult
by this method, and the task required
extensive training and long experience.
With the digitalization of diagnostic
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radiologic images, it became easy to
obtain simulated 3D images at desired
angles by, for example, 3D computed
tomographic angiography (3D-CTA) or 3D
digital subtraction angiography (3D-DSA).
In most cases, required views generated
from such original data before surgery are
used for presurgical assessment and sur-
gical navigation.
Application of virtual reality technology

to neurosurgical training has been reported
in recent years (7, 13, 14, 19, 21, 26).
Although this method is useful, what is
seen is a “two-dimensional image that
looks like three-dimensional.”We believe a
“true three-dimensional physical model” is
more advantageous for intuitive 3D under-
standing. We had therefore been using a
ZPrinter 450 (3D Systems, Rock Hill, South
Carolina, USA; Figure 1A) to fabricate
actual size 3D models of cerebral aneu-
rysms using processed 3D-CTA or 3D-DSA.
We used the solid models for various pur-
poses such as presurgical assessment,
training of junior surgeons, and informed
consent process. This patient-specific
fabrication method is known as rapid pro-
totyping technology and has been the
, MARCH 2015 ww
subject of a number of reports in the cere-
bral aneurysm field (6, 12, 24, 27, 28).
However, it has not been widely adopted
as a routine clinical process owing to the
considerable labor and time required for
the prototyping and the high fabrication
cost. We therefore sought to realize inex-
pensive and rapid prototyping using a small
acrylonitrile-butadiene-styrene (ABS) 3D
printer and to apply the prototyping clini-
cally. We also developed a method for
applying this system for fabrication of hol-
low and elastic blood vessel and aneurysm
models (hollow elastic models).
In the present article, we explain the

hollow elastic model prototyping method
and report on the effects of applying it to
presurgical simulation and training of
surgery.
MATERIALS AND METHODS

Twenty patients in which the hollow
elastic models were fabricated are grouped
into two groups as is shown in Tables 1
and 2.
Clipping was performed in 12 patients

(group A; Table 1). In the remaining eight
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Figure 1. Comparison of ZPrinter and OPT printer. (A) Exterior of ZPrinter. Equipment dimensions are 1220 mm � 790 mm � 1400 mm
and weight is 193 kg. Three-dimensional models are formed in the left compartment. (B) Exterior of the OPT printer. This is small and
lightweight, measuring 245 mm � 260 mm � 350 mm and weighing 5 kg. Forming mechanism with this equipment is explained in
Figure 2. (C) A model of middle cerebral artery aneurysm with part of sphenoid ridge fabricated with ZPrinter. Resolution in this model is
0.1 mm. The equipment produces realistic color models without paint. (D) A model of same shape as in C formed with the OPT printer
tinted with brush after formation. Resolution in this model is 0.15 mm. (E) A smaller model of anterior communicating artery aneurysm
formed with the OPT printer could be completed in 30 minutes or less.

Table 1. Summary of Group A (Cases Where Clipping Was Performed)

Patient Age (years) Sex Lesion SAH Estimated Clip Actual Clipping Residual Neck
Unexpected
Findings Cost (JPY)

Time for
Fabrication (hours)

1 58 M L IC-PC Yes 25-mm straight 25-mm straight þ
21-mm straight

Yes Hard wall 200 18

2 66 F L IC-PC Yes 15-mm straight 15-mm straight Yes 200 14

4 73 F R IC-PC No 10-mm straight 10-mm straight No 150 21

6 75 F R MCA No 15-mm straight 15-mm straight No 230 24

7 67 F L MCA No 10-mm straight 10-mm straight No 160 14

8 70 F L IC-PC No 10-mm straight 10-mm straight No 240 19

9 64 F L MCA No 7-mm straight 10-mm straight No Adhesion 210 16

11 47 M R MCA No 10 mm L 10 mm L þ 7.5 mm L No Hard wall 90 15

14 65 F R MCA No 9 mm J 9 mm J þ 6 mm J No Hard wall 190 16

15 60 F R MCA No 10-mm straight 10-mm straight No 160 20

16 70 F L MCA No 10 mm L 10 mm L No 170 22

17 60 M L MCA No 10-mm straight 10-mm straight No 160 23

JPY, Japanese yen; IC-PC, internal cerebral artery-posterior communicating artery; MCA, middle cerebral artery; R, right; L, left; F, female; M, male.
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Table 2. Summary of Group B (Cases Where Clipping Was Not Performed)

Patient Age (years) Sex Lesion SAH Cost (JPY)
Time for

Fabrication (hours) Note

3 55 F L MCA No 290 22 Under planning

5 69 F R IC-PC No 200 17 Died befor surgery

10 65 F L MCA No 170 16 Under planning

12 62 F L IC-terminal No 180 14 Endovascular surgery

13 62 M R IC-dorsal No 220 14 Under planning

18 57 F L MCA No 180 24 Under planning

19 60 F L MCA No 270 22 Endovascular surgery

20 59 F L IC-PC No 190 22 Endovascular surgery

IC-PC, internal cerebral artery-posterior communicating artery; MCA, middle cerebral artery; R, right; L, left; F, female; M,
male.

Figure 2. Mechanismof three-dimensional (3D)model formedwith theOPTprinter. (A)Operation:Nozzle
(N) for injecting acrylonitrile-butadiene-styrene resin melted by heat moves in X direction. A platform (P)
moves in theY direction, andpattern is drawnon theplatform. After completion of one layer, theplatform
moves down 0.15 mm in the Z direction to draw one higher layer. (B) Schema of one drawn layer. (C)
Schema in the course of lamination. (D) Schema showing principle of 3D formation by lamination. The
model is formed together with an automatically generated base and supports. The base and supports
have to be removed after the model is taken off the platform. (E) A solid product after removal from the
platform. This sample is tinted for ease of explanation. Pink, artery; purple, support (S);white, base (B).
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patients (group B; Table 2), clipping was
not done. In three patients in group B,
further examination showed that endovas-
cular surgery was preferable to clipping. In
another case, the patient died of heart dis-
ease while waiting for clipping surgery.
Four other patients in group B remain un-
der planning.
Models were fabricated using data ob-

tained by 3D-CTA. A SOMATOM Defini-
tion Flash or SOMATOM Definition AS CT
(Siemens, München, Germany) was used
for the 3D-CTA. After 70 mL of contrast
medium (350 mg iohexol/mL) was injected
into the right forearm vein at 40 mL/s,
computed tomographic scans, delayed for
15e20 seconds, were carried out. The
number of voxels was 512 � 512 � 512.
DICOM (Digital Imaging and Commu-

nication in Medicine) data were loaded to
3D visualization andmeasurement software
(Amira 5.4.1. or Amira 5.4.2., from VSG,
Burlington, Massachusetts, USA) and
visualized on a personal computer. The
artery required for surgical simulation was
extracted from this image. The results were
converted to an STL file (Standard Trian-
gulated Language; surface data as an ag-
gregation of fine triangular meshes) and a
3D solid model was fabricated with an UP!
Plus 3D Printer from OPT, Tokyo, Japan
(OPT printer; Figure 1B). This 3D printer
is a small, lightweight unit measuring 245
mm � 260 mm � 350 mm and weighing 5
kg. The maximum size of fabrication is 140
mm� 140mm� 135mm. It produces solid
models by injecting ABS resin melted at
260�C from a nozzle to repeatedly draw
0.15-mm thick pattern layers on a platform
(Figure 2). The solid model is hard and
whitish. Themodel is formed together with
automatically generated base and supports.
The base and supports have to be removed
after the model is taken off the platform
(Figure 3AeC).
A middle cerebral artery aneurysm

model, including part of the sphenoid
ridge and the parent artery (Figure 1D),
takes about 2 hours to fabricate. A smaller
model, with parent artery and an aneu-
rysm measuring 38 mm � 20 mm � 24
mm (Figure 1E), could be completed in 30
minutes or less.
A hollow, elastic “aneurysm plus parent

artery” model (hollow elastic model) was
fabricated as follows (Figure 3). First, a
solid model of the aneurysm with the
parent artery was formed with the OPT
w.WORLDNEUROSURGERY.org 353
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Figure 3. A fabrication process of a hollow elastic model. (A) An
acrylonitrile-butadiene-styrene (ABS) solid model with supports and base
formed with the OPT printer. (B) Base and supports are removed with
nippers and a knife. (C) Spicules are removed in the same way. (D) Surface

is scraped and polished smooth with a knife and sand paper. (E) Solid ABS
model is coated with liquid silicone. (F) ABS is melted with xylene after
silicone solidifies.
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printer. The surface was made smooth by
removing spicules with a knife and filling
in small pits with putty prepared by dis-
solving ABS resin in a small amount of
xylene (Figure 3AeD). Commercially
available molding silicone (M8012 from
Asahi Kasei-Wacker Silicone, Tokyo,
Japan) was colored pink with a small
amount of water-soluble paint. Hardening
agent (catalyst T40 from the same com-
pany) was mixed into the colored silicone
(4% by volume base) and the mixture was
painted evenly (w0.5 mm thick) on the
surface of the ABS model (Figure 3E).
About 6 hours later, the coating became
completely hardened. The model was
immersed and shaken in xylene
(Figure 3F). The ABS melted into gel in
4e12 hours and was then squeezed out.
The remaining ABS gel was washed with
xylene, alcohol, and finally with water.
The hollow elastic models and the solid

models prepared by this method were
used in intraoperative navigation, training
of junior surgeons, as well as in presur-
gical simulation. Models were sterilized
for intraoperative navigation, therefore the
354 www.SCIENCEDIRECT.com
surgeons could handle them directly in
their own hands during surgery.
After surgery, the surgeon critiqued the

hollow elastic model and the solid model
using a questionnaire. Items on the ques-
tionnaire were 1) ease of understanding the
structure of the aneurysm compared with
using conventional radiologic imaging,
2) ease of handling, and 3) problems noted.
The same questionnaire was also completed
by surgeons who attended for training.
ILLUSTRATIVE CASES

Patient 6
This was a 65-year-old woman with an
unruptured right middle cerebral artery
aneurysm (M1-2 portion [main trunk of
middle cerebral artery-first branch of mid-
dle cerebral artery]) that was discovered
incidentally (Figure 4). Clipping was plan-
ned and the hollow elastic model simula-
tion was performed before surgery.
Although the M2 inferior branch wound
around the aneurysm (Figure 4AeC,
arrows), a tiny gap was found between the
WORLD NEUROSURGERY, http://
artery and the aneurysm neck (Figure 4E).
We planned to apply a clip, as in Figure 4G,
if this portion was detachable (plan A). In
case this portion was tightly adhered, we
prepared another plan for clipping the
aneurysmal neck and inferior branch after
performing a superficial temporal arter-
yemiddle cerebral artery anastomosis (plan
B). During surgery, the origin of the M2
branch was found to be easily separated
(Figure 4F, arrowhead), as expected in
plan A. Neck clipping was carried out ac-
cording to plan A using a Sugita titanium
clip II No. 15 (15 mm straight; Mizuho Ika-
kogyo, Tokyo, Japan) (Figure 4D, F, H).
Postoperative 3D-CTA showed no residual
aneurysm. The patient showed no neuro-
logical deficits.

Patient 1
This was a 57-year-old man who had un-
dergone left middle cerebral artery aneu-
rysm clipping 3 years before with good
outcome. He again suffered from sub-
arachnoid hemorrhage and was admitted to
our hospital (Hunt and Kosnik grade 2,
World Federation ofNeurosurgical Societies
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Figure 4. An unruptured right middle cerebral artery (MCA) aneurysm (M1-M2 portion [main trunk of
middle cerebral artery-first branch of middle cerebral artery]) in patient 6. (A) Digital subtraction
angiography (DSA) showed that the M2 inferior branch (arrows) wound around the aneurysm.
(B) 3D-computer graphic from three-dimensional computed tomographic angiography showed the
same structures as DSA (arrows; M2 inferior branch). (C) Expected operative view of hollow elastic
model showed that the origin of M2 inferior branch (arrows) was hidden by an aneurysm. (D)
Intraoperative finding was almost the same view as the simulation (An, aneurysm). (E) On the elastic
model, a tiny gap between the artery and aneurysmal neck was observed when the dome was
deformed by a spatula. (F) In the actual operative field, the origin of the branch (arrowhead)was found
to be easy to separate, as expected. (continues)
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grade 1). Cerebral angiography showed de
novo aneurysm in the left internal cerebral
artery (internal carotid artery-posterior
communicating artery portion). Delayed
surgery was planned because the operation
would be difficult owing to the morphology
of the aneurysm and the fact that the
approach would be from the same side as in
the previous one. During the waiting period,
a hollow elastic model was manufactured
and surgical simulation was done. The long
WORLD NEUROSURGERY 83 [3]: 351-361
axis of the aneurysm measured 22 mm and,
as viewed from the operative angle, the
posterior communicating artery originated
directly behind the neck of the aneurysm
(Figure 5A, B). Several clipping strategies
were considered. As shown in Figure 5C, D,
one of these was a method that performs
angioplastic neck clipping using a fenes-
trated clip. Figure 5E, F show another strat-
egy of using a long, straight clip, followed by
wrapping the residual dome. Each of these
, MARCH 2015 ww
approaches had drawbacks, and finally, the
second method was adopted. Temporary
clipping was performed under motor-
evoked potentials monitoring and the dome
was clippedwith a Sugita clipNo. 72 (25mm
straight; Mizuho Ikakogyo). Because the
aneurysm neck closure was found insuffi-
cient, a 70 clip (21 mm straight) was added
in parallel with the 72 clip as a booster
(Figure 5G, H). Motor-evoked potentials
showed no pronounced worsening during
surgery. After surgery, although the patient
showed moderate aphasia that was consid-
ered to be due to ischemia during temporal
clipping, he recovered rapidly in several
days.
Patient 14
In a 65-year-old woman, an unruptured
middle cerebral artery aneurysm (M1-2
portion) was discovered incidentally. After
meticulous interviews with the patient,
clipping was performed at the patient’s
desire. For this patient, a comparison was
made between surgical simulation without
consideration to deformation using three-
dimensional computer graphic (3D-CG)
(Figure 6A, B) and elastic model simulation
with various deformations. The intra-
operative finding of the aneurysm and sur-
rounding arteries at the surgical site
showed that better simulation was realized
when an elastic model was used with
application of some deformations
(Figure 6C, D). Neck clipping was per-
formed successfully using a Sugita titanium
clip No. 25 (9 mm J-shaped; Mizuho Ika-
kogyo). The patient recovered from surgery
without any neurological deficits.
RESULTS

The 20 patients for whom the hollow
elastic models were fabricated are sum-
marized in Tables 1 and 2.
Clipping was performed in 12 patients

(group A; Table 1). All surgeries were
designed in advance with clipping simu-
lation on the hollow elastic models using
actual clips.
In all patients, the actual clipping pro-

cedures were performed successfully in
the same way as was planned in presur-
gical simulation. However, in three of
these patients, booster clips were unex-
pectedly needed because the aneurysm
neck was thick (Table 1).
w.WORLDNEUROSURGERY.org 355
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Figure 4. (continued) (G) Simulation of clipping with a 15-mm straight clip when the origin of the
branch was detachable. (H) In the actual clipping, the planned neck clipping was carried out. (I) A
3D-CG image of MCA (M1-M2 portion) aneurysm displaying the positional relationship between the
aneurysm with the parent artery and skull base. The red area was reproduced as a solid model and a
hollow elastic model. (s) and (e) is explained later. (J) When the surgeon observes the origin of the
M2 inferior branch using a solid model, the model in the original position (red) must be rotated (pink).
The viewing angle corresponds to a yellow arrow (s) in I and J, which is different from the actual
viewing angle. (K) In the same simulation of observation of the M2 inferior branch using the hollow
elastic model, the aneurysm was compressed without rotation of the viewing angle. The viewing
angle is indicated as a green arrow (e). IC, internal carotid artery.
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The responses of 12 surgeons to the
questionnaire after the clipping operation
were almost all favorable, particularly for
the hollow elastic model (Table 3). All
surgeons judged that the model was useful
for understanding the structure of the
aneurysm. Handling was judged easy in all
cases. In 4 of 12 patients, some problems
were noted. In three patients, booster
clips were needed as mentioned previ-
ously. In another patient, the branch was
tightly adhered to the aneurysmal neck
(Table 1). Our elastic hollow models could
not express the hard vessel wall and
356 www.SCIENCEDIRECT.com
adhesion of vessels. The postoperative
courses of these patients were uneventful.
After surgery, six junior surgeons, who

had never done actual clipping surgery,
learned how to clip using the same hollow
elastic model and the operation video.
Objective assessment is a future subject;
however, they all understood selection of
clip and clipping direction to obtain an
ideal closure line. The results of the
questionnaire from junior surgeons were
also favorable (Table 4).
In our personal data, in 20 consecutive

clipping surgeries for unruptured aneurysm
WORLD NEUROSURGERY, http://
before the present study, the number of
clips tried and not used was 8 (0.4 clips per
operation; costwJapanese yen [JPY] 8000).
The number of tried-and-not-used clips
after the introduction of present simulation
was zero.
We also fabricated some complicated

models. Figure 7A shows a model from
the circle of Willis to the first branch of
the bilateral anterior, middle, and poste-
rior cerebral arteries. Our hollow elastic
model can represent a wide area of vessels
because curettage of the lumen is not
necessary in the fabricating process. As
shown in Figure 7B, a model with a
complicated vascular network around a
middle cerebral artery aneurysm could
also be fabricated. Double-sized anterior
communicating artery aneurysm model
from 3D-DSA data could be express
perforating branches (Figure 7C). This
method makes it possible to realize a
relatively higher resolution. These models
were fabricated by the same method
without any problems.
The models were durable enough to

withstand 25e80 clipping-unclipping rep-
etitions. Breakages invariably occurred at a
thin region of the wall.
The time required for manufacturing

was 14e24 hours and tended to increase
with the size of the aneurysm. This was
mainly due to the longer time required for
manufacturing the ABS model and for
melting the ABS inside. The cost of the
material was low at only about JPY 200 per
model (Tables 1 and 2).
DISCUSSION

In a neurosurgical procedure, an accurate
understanding of the local anatomy is highly
important. In aneurysm clipping, in partic-
ular, the surgeon must be aware of the po-
sitional relationship between the aneurysm
and the surrounding arteries, bones, brain,
and cranial nerves. He or shemust acquire a
thorough understanding of the hidden
structures from the viewing angle. For this
purpose, it is essential to carry out an
extensive assessment before surgery. Criti-
cism of on-the-job training has recently
intensified out of concern for the safety of
patients undergoing any type of surgery, not
only clipping. In addition, surgical training
opportunities for young surgeons are de-
creasing because of increasing demand for
effective operation of the surgical theater to
dx.doi.org/10.1016/j.wneu.2013.10.032
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Figure 5. A 57-year-old man with a ruptured left internal cerebral artery aneurysm (Patient 1). (A) In
the expected operative view of the hollow elastic model, the origin of the posterior communicating
artery (P-com) could not be detected. (B) The same model viewed from another angle showing the
P-com origin, which originated from the aneurysmal dome. (C) A simulation of the angioplastic neck
clipping with two fenestrated clips in the expected operative view. (D) The same simulation as in
C from a different angle. (continues)
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deal with issues in health economics and
working conditions (18). In addition, the
number of cerebral aneurysm clippings is
decreasing because of the development and
wider use of endovascular treatment (8).
These circumstances led to the need for

development of numerous safe and effi-
cient surgical training methods (18).
Simulation using computer graphics is one
of these methods. Reports regarding such
simulation for aneurysms were published
by Futami et al. in 2004 (7) and Wong et al.
in 2007 (26). Reports on simulation using
physical models were published by D’Urso
et al. in 1999 (6), Wurm et al. in 2004 (28)
and 2011 (27), Chueh et al. in 2009 (5), and
Kimura et al. in 2009 (12).
We developed a method for simply

fabricating, clippable, hollow, and elastic
cerebral artery/aneurysm models (hollow
WORLD NEUROSURGERY 83 [3]: 351-361
elastic models) and used them in presur-
gical simulation and surgical training. The
usefulness of these models is discussed in
comparison with computer graphics and
conventional physical solid models.
Why Are Physical Models Superior to
Computer Graphics for Understanding of
Anatomy? Consideration from the
Viewpoint of Neurophysiology
With advancement of computer technol-
ogy and digitalization of diagnostic
radiologic images, it became much easier
to obtain simulated 3D images at desired
angles. Some systems are configured so
that 3D surface images can be observed
with rotation in various angles in an
operating theater. 3D surface image offers
very effective surgical support. However, it
, MARCH 2015 ww
falls short of an actual physical model in
two points.
The first is the stereoscopic viewing

performance. Binocular vision plays an
essential role in human 3D spatial under-
standing (1, 2, 17, 22). As the ordinary
planar 3D image is merely a two-dimen-
sional image created with the perspective
technique, it gives no stereoscopic sense
in the still state. The perception of the
image on the monitor as being 3D is
produced by image processing in the
viewer’s brain based on parallax caused by
image movement, memory, knowledge,
experience, and so on. An actual physical
model, on the other hand, offers the brain
the parallax from binocular vision.
The second point is the interaction

amongmultimodal information. In judging
the nature of an object, we do not rely solely
on vision but also process somatosensory
(e.g., texture, weight, temperature), audi-
tory, and olfactory information. Therefore,
we know intuitively that for stereoscopic
perception it is important to touch the ob-
ject and actively move it with the hands.
Such interaction among multiple sensory
inputs has long been a subject of brain
science. One example of such interaction is
the McGurk effect reported by McGurk and
MacDonald in 1976 (15). The illusion occurs
when the auditory component of one sound
is paired with the visual component of
another sound, leading to the perception of
a third sound. An increasing number of
related studies have been done in recent
years, using functional brain mapping by
positron emission tomography (3, 10) and
magnetic resonance imaging (4, 9, 11, 20).
Although the overall picture is still not
clear, the human brain obviously has a
function of processing and integrating
multiple sensory inputs. Thus, observation
of a 3D physical model held in hands offers
more sensory processing than just viewing
the images controlled with mouse opera-
tion, and therefore is thought to enhance
the stereognosis of surgeons.
It is worth noting that the role played by

the sensory input of touching would
become more multimodal when an elastic
model is used. When the surgeon touches
the elastic model, deformation and
displacement will occur in response to the
stress that is applied by the fingers
without change in topology or proportion.
Manipulating the elastic model, the sur-
geon develops a deeper understanding of
w.WORLDNEUROSURGERY.org 357
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Figure 5. (continued) (E) A simulation of the dome clipping with a single long straight clip in the
expected operative view. (F) The same simulation as E, from a different angle. We decided to adopt
this method, followed by wrapping of the residual neck. (G) A simulation of clipping with two straight
clips (operative view, taken in postoperative assessment). (H) The operative field using two long
straight clips (asterisks). IC, internal carotid artery; A1, main trunk of anterior cerebral artery; ON,
optic nerve.
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the anatomy and can easily acquire
knowledge for dealing with blood vessel
issues that might arise during surgery
owing to the brain shift.

How Are Hollow Elastic Models Superior
to Conventional Physical Solid Models?
Consideration from the Viewpoint of
Clinical Engineering
The technology that is used in fabricating
actual 3D human anatomy models from
diagnostic image data is called rapid pro-
totyping (24). It emerged in the 1980s and
progressed in accordance with the ad-
vances in computer technology. D’Urso
et al. (6) are thought to be the first to
publish an article on modeling cerebral
arteries using rapid prototyping technol-
ogy with stereolithography. An ultraviolet
laser beam solidified layers of a photo-
sensitive liquid resin monomer in the
stereolithographic manufacturing. Wurm
358 www.SCIENCEDIRECT.com
et al. (27, 28) and Kimura et al. (12) re-
ported model fabrication and preoperative
simulation using a similar technique.
Although the aneurysm models by these
methods are useful in designing a surgical
process, the fabrication is time consuming
and costly. For example, Kimura et al. (12)
reported the time and cost for fabrication
was 3e7 days and USD 300e400. Wurm
et al. (27) reported that they needed 1.5
weeks and about EUR 2000. Chueh et al.
(5) needed 92 hours at a material cost of
USD 250. They also reported that the
capital equipment and software were quite
expensive.
We fabricated solid models using an in-

house 3D printer to study the possibility of
clinical application as a semiroutine sur-
gical assisting system. Before trying an
ABS 3D printer (OPT printer), we had been
using a ZPrinter (Figure 1A), which uses
plaster as the modeling material. Ink and
WORLD NEUROSURGERY, http://
glue were jetted onto a thin layer of plaster
powder in the manner of an inkjet printer
making a thin layer of slice data and then
repeating the process to laminate succes-
sive layers to form a 3D model. Although
the precision was very high (resolution, 0.1
mm), it had several drawbacks, including
that fabrication took much time, cost was
not low, and the product was brittle
without the use of an additional curing
agent after fabrication. The initial cost for
system installation came to about JPY 7
million. Fabrication cost and time varied
with model size. In the case of the middle
cerebral artery aneurysm model, shown in
Figure 1C, the material cost about JPY 600
and fabrication time was about 6 hours. A
whole skull model will cost about JPY
15,000 to fabricate. These amounts are for
the case of in-house fabrication without
labor charge. If similar models should be
outsourced, the fabrication time and cost
would probably be about the same as re-
ported by Kimura et al. (12).
The system in the present report (OPT

printer; Figure 1B) could form a model in a
relatively short time without difficulties.
Themachinewas also relatively inexpensive
to install and maintain. The initial cost was
less than JPY 1 million (main unit price, JPY
680,000). Material cost is determined by
model size. The model shown in Figure 1D
is of exactly the same shape as the one in
Figure 1C fabricated with the ZPrinter and
thematerial cost was about JPY 400. A solid
model of an aneurysm took about 2 hours
for 3D extraction and model fabrication.
This is fast enough to fabricate a solid
model for emergency operations on
ruptured cerebral aneurysms, and we have
already succeeded in preparing solid
models in emergency clipping. Although
the 0.15-mm resolution is lower than with
the ZPrinter, accuracy and strength were
adequate for our purposes in clinical use.
The ease of use and low installation cost
bring the system within the reach of even a
small institution.
Kimura et al. (12) reported hollow

aneurysm models of soft material by ster-
eolithography. After producing arteries
and aneurysm model with solidified wall,
they manually hollow it by curettage. We
also tried the curettage method using the
ZPrinter, as the inner material is so brittle.
However, we found that it was not prac-
tical because the curettage was too trou-
blesome and the length of curettage was
dx.doi.org/10.1016/j.wneu.2013.10.032
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Figure 6. A 65-year-old woman with an unruptured middle cerebral artery (M1-M2 portion [main trunk
of middle cerebral artery-first branch of middle cerebral artery]) aneurysm (An) discovered incidentally
(Patient 14). (A) A simulation of a craniotomy on three-dimensional computer graphic (3D-CG) from
three-dimensional computed tomographic angiography in which a skull, arteries (pink), and veins
(purple) were expressed. (B) Magnification of aneurysm vicinity on 3D-CG in an expected operative
view. M1 was hidden by M2 and aneurysm. (C) In the actual surgery, the aneurysm was shifted more
toward the parietal side than in the presurgery simulation. (D) At the presurgical simulation, we
observed M1 with application of some deformations. This view was nearly the same as the
intraoperative scene.
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limited. The present method is different
from these methods in that the hollowing
is not done by curettage. Therefore, as is
shown in Figure 7A, a hollow model can
be formed to extend widely from the circle
of Willis to the first branch of bilateral
anterior, middle, and posterior cerebral
arteries. In addition, it is possible to form
an aneurysm with complicated parent ar-
teries (Figure 7B). In the case of small-
Table 3. Assessment by Operators

Excellent Good

Understanding the structure of the aneurysm

Solid model 6 5

Elastic model 8 4

Ease of handling

Solid model 6 6

Elastic model 7 5
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sized arteries, for which it would be
difficult to fabricate the model, we double
the size of the fabricated model, as shown
in Figure 7C. Even a small vascular lumen
can be replicated (Figure 7D).
With our method, the silicone applied to

the prototype (ABS artery model) takesw6
hours to solidify and the ABS takes w6
hours to melt, but no handling is required
during these processes. In addition, the
Fair Poor Total

1 0 12

0 0 12

0 0 12

0 0 12
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fabrication is faster than by the methods
reported at present. No special equipment
is needed and fabrication is easy. The ma-
terials are commercially available and
readily procurable at a low price. A draw-
back of our method is the difficulty in ac-
curate replication of the actual thickness
and elasticity of the artery and aneurysm
wall. However, the same is true of the
models of Kimura et al. (12) andWurmet al.
(27). Although this is a point requiring
further consideration, we are confident that
the merits of low cost and simplicity more
than offset this shortcoming.

Hollow Elastic Models Are Useful to
Simulate Deformation of Arteries
Computer simulation of the brain retrac-
tion and displacement using the finite
element method has been reported in
many articles (16, 23, 25). At present,
however, the huge amount of complex
computation processes takes a long time
to complete, and the results are still not
sufficiently in accordance with the defor-
mation in the surgical field.
The hollow elastic model that we devel-

oped also offers an opportunity to simulate
deformation of arteries that occur owing to
surgical manipulation and/or brain shift.
For example, in patient 6, the origin of the
M2 inferior branch behind the aneurysmal
neck had to be found by displacement of the
aneurysm. When the surgeon observes the
M2origin of the solidmodel, he or shemust
rotate the entire model (Figure 4J). This
corresponds to changing the view angle of
the operative field in actual surgery
(Figure 4 I(s)). An elastic hollow model
could be used to simulate retraction of
the aneurysm without displacement of
the internal carotid artery (Figure 4K, I(e)).
Figure 6 (Patient 14) also demonstrates the
deformation of the artery that occurred after
opening the Sylvian fissure. TheM1 portion
of the elastic model could be curved, as
observed in actual surgery.

Hollow Elastic Models Are Useful For
Surgeons’ Training and Education
In this study, six junior surgeons learned
how to clip using the hollow elastic model
and the actual operation video. The results
of the questionnaire for junior surgeons
were almost favorable (Table 4).
At present, the teaching of aneurysm

clipping skills has substantially been limited
toon-the-job training in the operating room.
w.WORLDNEUROSURGERY.org 359
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Table 4. Assessment by Surgeons in Training Who Attended

Excellent Good Fair Poor Total

Understanding the structure of the aneurysm

Solid model 4 2 0 0 6

Elastic model 5 1 0 0 6

Ease of handling

Solid model 5 1 0 0 6

Elastic model 5 1 0 0 6
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In a wet laboratory working with animals, a
model that is not morphologically identical
to the aneurysm is of little use. The hollow
elastic model can help to create a training
environment nearly equal to hands-on
experiencewith regard to clipping direction,
selection of clip, and the shape of the
aneurysm in the actual operation. The
effectiveness of off-the-job training can
therefore be dramatically enhanced by
Figure 7. Examples of complicated hollow elastic mod
the first branch of bilateral anterior, middle, and post
complicated vascular network around a middle cereb
anterior communicating artery aneurysm model fabric
angiography data. LSA, lenticulostriate arteries; Op, o
orifice of forking branch (arrow). BA, basilar artery; A1
branch of posterior cerebral artery.
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having the trainee participate in presurgical
training related to specific cases, and also
observe experts during actual surgery, by
engaging in simulation with an actual clip
using a model of the particular patient. The
practice of on-the-job training during sur-
gery has come under increasing criticism.
Against this backdrop, surgical training by
this type of simulation is apt to become an
increasingly attractive option.
el. (A) A wide model from the circle of Willis to
erior cerebral arteries. (B) A model with a
ral artery aneurysm (An). (C) Double-sized
ated from three-dimensional digital subtraction
phthalmic artery. (D) Models were cut showing
, main trunk of anterior cerebral artery; P2, first

WORLD NEUROSURGERY, http://
CONCLUSIONS

The 3D physical model fabricated using an
in-house 3D printer gave surgeons a better
3D understanding than possible with a
simulated 3D display on a flat personal
computer screen. The hollow elastic
model fabrication method presented in
this article is easy and inexpensive. We
believe that it is suitable for a routine base
presurgical simulation method.

REFERENCES

1. Anzai A, Ohzawa I, Freeman RD: Neural mecha-
nisms for processing binocular information I.
Simple cells. J Neurophysiol 82:891-908, 1999.

2. Anzai A, Ohzawa I, Freeman RD: Neural mecha-
nisms for processing binocular informationⅡ.
Complex cells. J Neurophysiol 82:909-924, 1999.

3. Banati RB, Goerres GW, Tjoa C, Aggleton JP,
Grasby P: The functional anatomy of visual-tactile
integration in man: a study using positron emis-
sion tomography. Neuropsychologia 38:115-124,
2000.

4. Bushara KO, Hanakawa T, Immisch I, Toma K,
Kansaku K, Hallett M: Neural correlates of cross-
modal binding. Nature Neuroscience 6:190-195,
2003.

5. Chueh JY, Wakhloo AK, Gounis MJ: Neuro-
vascular modeling. Small-batch manufacturing of
silicone vascular replicas. AJNR Am J Neuroradiol
30:1159-1164, 2009.

6. D’Urso PS, Thompson RG, Atkinson RL,
Weidmann MJ, Redmond MJ, Hall BI, Jeavons SJ,
Benson MD, Earwaker WJ: Cerebrovascular bio-
modelling. A technical note. Surg Neurol 52:
490-500, 1999.

7. Futami K, Nakada M, Iwato M, Kita D,
Miyamori T, Yamashita J: Simulation of clipping
position for cerebral aneurysms using three-
dimensional computed tomography angiography.
Neurol Med Chir 44:6-12, 2004.

8. Gnanalingham KK, Apostolopoulos V, Barazi S,
O’Neill K: The impact of the International Sub-
arachnoid Aneurysm Trial (ISAT) on the man-
agement of aneurysmal subarachnoid
haemorrhage in a neurosurgical unit in the UK.
Clin Neurol Neurosurg 108:117-123, 2006.

9. Grefkes C, Weiss PH, Zilles K, Fink GR: Cross-
modal processing of object features in human
anterior intraparietal cortex: an fMRI study im-
plies equivalencies between humans and mon-
keys. Neuron 35:173-184, 2002.

10. Hadjikhani N, Roland PE: Cross-modal transfer of
information between the tactile and the visual
representations in the human brain: a positron
emission tomographic study. J Neurosci 18:
1072-1084, 1998.

11. James TW, Humphrey GK, Gati JS, Servos P,
Menon RS, Goodale MA: Haptic study of three-
dimensional objects activates extrastriate visual
areas. Neuropsychologia 40:1706-1714, 2002.
dx.doi.org/10.1016/j.wneu.2013.10.032

http://refhub.elsevier.com/S1878-8750(13)01357-0/sref1
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref1
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref1
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref2
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref2
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref2
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref3
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref3
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref3
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref3
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref3
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref4
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref4
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref4
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref4
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref5
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref5
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref5
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref5
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref6
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref6
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref6
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref6
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref6
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref7
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref7
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref7
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref7
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref7
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref8
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref9
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref9
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref9
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref9
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref9
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref10
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref10
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref10
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref10
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref10
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref11
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref11
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref11
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref11
www.sciencedirect.com/science/journal/18788750
http://dx.doi.org/10.1016/j.wneu.2013.10.032


PEER-REVIEW REPORTS

TOSHIHIRO MASHIKO ET AL. HOLLOW ELASTIC MODEL OF CEREBRAL ANEURYSM
12. Kimura T, Morita A, Nishimura K, Aiyama H,
Itoh H, Fukaya S, Sora S, Ochiai C: Simulation of
and training for cerebral aneurysm clipping with
3-dimensional models. Neurosurgery 65:719-726,
2009.

13. Kockro RA, Stadie A, Schwandt E, Reisch R,
Charalampaki C, Ng I, Yeo TT, Hwang P,
Serra L, Perneczky A: A collaborative virtual re-
ality environment for neurosurgical planning
and training. Neurosurgery 61 (Suppl 2):379-391,
2007.

14. Lemole GM, Banerjee PP, Luciano C, Neckrysh S,
Charbel FT: Virtual reality in neurosurgical edu-
cation: part-task ventriculostomy simulation with
dynamic visual and haptic feedback. Neurosurgery
61:142-149, 2007.

15. McGurk H, MacDonald J: Hearing lips and seeing
voices. Nature 264:746-748, 1976.

16. Miga MI, Roberts DW, Kennedy FE, Platenik LA,
Hartov A, Lunn KE, Paulsen KD: Modeling of
retraction and resection for intraoperative updat-
ing of images. Neurosurgery 49:75-85, 2001.

17. Miles FA: The neural processing of 3-D visual in-
formation: evidence from eye movements. Eur J
Neurosci 10:811-822, 1998.

18. Reznick RK, MacRae H: Teaching surgical
skills—changes in the wind. N Engl J Med 355:
2664-2669, 2006.
Inquiries reg

WORLD NEUROSURGERY 83 [3]: 351-361
19. Satava RM: Accomplishments and challenges of
surgical simulation. Surg Endosc 15:232-241, 2001.

20. Servos P, Boyd A: Probing the neural basis of
perceptual phenomenology with the touch-
induced visual illusion. PLOS ONE 7:e47788; 1-5,
2012.

21. Stadie AT, Kockro RA, Reisch R, Tropine A,
Boor S, Stoeter P, Perneczky A: Virtual reality
system for planning minimally invasive neurosur-
gery. Technical note. J Neurosurg 108:382-394,
2008.

22. Tsutsui K, Taira M, Sakata H: Neural mechanisms
of three-dimensional vision. Neurosci Res 51:
221-229, 2005.

23. Vigneron LM, Duflot MP, Robe PA, Warfield SK,
Verly JG: 2D XFEM-based modeling of retraction
and successive resections for preoperative image
update. Comput Aided Surg 14:1-20, 2009.

24. Webb PA: A review of rapid prototyping (RP)
techniques in the medical and biomedical sector.
J Med Eng Technol 24:149-153, 2000.

25. Webster R, Haluck R, Ravenscroft R, Mohler B,
Crouthamel E, Frack T, Terlecki S, Sheaffer J:
Elastically deformable 3D organs for haptic sur-
gical simulation. Studies in Health Technology
and Informatics 85:570-572, 2002.
ELSEVIER
Advertising Orders and Inquiries

arding advertising in WORLD NEUROSURGERY should be directed

Bob Heiman
RH Media LLC
Office: +1-856-673-4000
Cell: +1-856-520-9632
Fax: +1-856-673-4001 
Email: bob.rhmedia@comcast.net

For all ratecards, please visit: www.elsmediakits.com.

, MARCH 2015 ww
26. Wong GK, Zhu CX, Ahuja AT, Poon WS: Crani-
otomy and clipping of intracranial aneurysm in a
stereoscopic virtual reality environment. Neuro-
surgery 61:564-569, 2007.

27. Wurm G, Lehner M, Tomancok B, Kleiser R,
Nussbaumer K: Cerebrovascular biomodeling for
aneurysm surgery: simulation-based training by
means of rapid prototyping technologies. Surgical
Innovation 18:294-306, 2011.

28. Wurm G, Tomancok B, Pogady P, Holl K,
Trenkler J: Cerebrovascular stereolithographic
biomodeling for aneurysm surgery. Technical
note. J Neurosurg 100:139-145, 2004.

Conflict of interest statement: The authors declare that the
article content was composed in the absence of any
commercial or financial relationships that could be construed
as a potential conflict of interest.

Received 31 July 2013; accepted 11 October 2013;
published online 16 October 2013

Citation: World Neurosurg. (2015) 83, 3:351-361.
http://dx.doi.org/10.1016/j.wneu.2013.10.032

Journal homepage: www.WORLDNEUROSURGERY.org

Available online: www.sciencedirect.com

1878-8750/$ - see front matter ª 2015 Elsevier Inc.
All rights reserved.
 to:

w.WORLDNEUROSURGERY.org 361

http://refhub.elsevier.com/S1878-8750(13)01357-0/sref12
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref12
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref12
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref12
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref12
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref13
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref14
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref14
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref14
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref14
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref14
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref15
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref15
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref16
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref16
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref16
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref16
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref17
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref17
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref17
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref18
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref18
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref18
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref19
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref19
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref20
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref20
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref20
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref20
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref21
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref21
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref21
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref21
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref21
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref22
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref22
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref22
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref23
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref23
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref23
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref23
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref24
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref24
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref24
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref25
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref25
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref25
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref25
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref25
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref26
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref26
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref26
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref26
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref27
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref27
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref27
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref27
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref27
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref28
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref28
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref28
http://refhub.elsevier.com/S1878-8750(13)01357-0/sref28
http://dx.doi.org/10.1016/j.wneu.2013.10.032
http://www.WORLDNEUROSURGERY.org
http://www.sciencedirect.com
http://www.WORLDNEUROSURGERY.org

	Development of Three-Dimensional Hollow Elastic Model for Cerebral Aneurysm Clipping Simulation Enabling Rapid and Low Cost ...
	Introduction
	Materials and Methods
	Illustrative Cases
	Patient 6
	Patient 1
	Patient 14

	Results
	Discussion
	Why Are Physical Models Superior to Computer Graphics for Understanding of Anatomy? Consideration from the Viewpoint of Neu ...
	How Are Hollow Elastic Models Superior to Conventional Physical Solid Models? Consideration from the Viewpoint of Clinical  ...
	Hollow Elastic Models Are Useful to Simulate Deformation of Arteries
	Hollow Elastic Models Are Useful For Surgeons' Training and Education

	Conclusions
	References


