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Background: Skull base meningioma surgery is often difficult and complicated to perform. Therefore, this
study aims to investigate the effectiveness of 3-dimensional (3D)-printed models of skull base meningioma
in the representation of anatomical structures, the simulation of surgical plans, and patient education on
surgical outcomes.

Methods: A retrospective study of 35 patients 3D group: 19 patients and non-3D group: 16 patients)
with skull base meningioma was conducted. Mimics software was used to create 3D reconstructions (with
the skull, blood vessels, nerves, and tumors set to different colors), and 3D solid models were printed to
determine the surgical protocols and communication pathways with the patient.

Results: The 3D-printed model can visually display the relationship of different structures, including the
skull, blood vessels, cranial nerves, and tumors. The surgeon should select the proper surgical approaches
before surgery through the model and pay attention to protecting the important structures during the
operation. According to the models, the surgeon should cut off the blood supply to the tumor to reduce
intraoperative bleeding. For patients with skull base bone destruction, the skull base repair should be
prepared in advance. Patients and their families should have a thorough understanding of the disease through
the model, and there should be effective communication between doctors and patients.

Conclusions: The 3D-printed model of a skull base meningioma can present the structures in a detailed
manner and facilitate in helping the surgeon to develop a surgical plan. At the same time, it helps patients
and their families to understand the condition and the surgical plan, which is conducive to better patient

education.
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Introduction Furthermore, 3D-printing allows neurosurgeons to further

. improve their clinical capabilities (1). The application of
In neurosurgery, stereo vision has undergone another

2-dimensional (2D) to 3D transformation, and the 3D-printing technology in conjunction with neurosurgery
appearance of virtual reality technology has made has become increasingly mature. Recently, some studies

great advancements in the processes of stereo vision. have reported the application of 3D-printing technology
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in neurosurgery, including anatomical learning, tumors,
cerebrovascular diseases, and functional diseases (2,3).

3D-printing promotes the development of neurosurgery.
At present, cadaver specimens are becoming increasingly
difficult to acquire. The 3D-printed model helps beginners
to learn anatomy better. As the level of refinement of
3D-printing increases, we can now print fine structures such
as nerves, blood vessels, and even fiber bundles. However,
there are currently few reports on 3D-printing assisting
complex skull base meningioma surgery.

Skull base tumors such as meningiomas and
schwannomas are common with benign tumors. Most
tumors have a good prognosis if they can be completely
resected. However, due to the complex structure of the skull
base, the tumor is most likely closely located to important
nerves and blood vessels or located deep in the skull. As a
result, the tumors are difficult to expose during operation,
and the surgical space is small; and therefore, the risk of
skull base surgery is high, the total resection rate is low,
and postoperative complications tend to be higher (4,5).
Because of the above reasons, the 3D-printed model can
perfectly represent the anatomical position of the skull base

and the relationship between the tumor and the important
surrounding structures, which is very helpful for us in

choosing a more suitable surgical approach and surgical
methods. With the development of 3D-printing technology,

the advantages of refinement and low cost make this
technology increasingly widely used.

In this study, we explored the application of 3D-printing
technology in relation to the surgeon’s choice of surgical
approach, resection methods, and patient education in skull

base meningioma surgery.

Methods
Patient population

A total of 19 patients who were diagnosed with skull
base meningioma underwent surgery with a 3D-printing
technique at our institution from Nov. 1st, 2016 to Feb.
28th, 2019, in Sun Yat-sen University Cancer Center
(SYSUCC) (Table 1). Complex skull base meningiomas in
the same period (16 patients) were compared as a control
group (Table S1). The following inclusion criteria were
used: (I) pathological confirmation of meningiomas; (II) the
tumor was located at the base of the skull; (IIT) the tumor

was related to the surrounding important blood vessels or
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nerves (wrap or push); (IV) there was an absence of other
anti-tumor treatments before admission; (V) availability
of complete clinical information; (VI) the same surgeon

performed all the operations.

Data collection

Demographic and clinical-pathological variables, including
age, gender, pathological diagnoses, tumor size, tumor
location, the extent of resection, complications, function
improvement, operating time, blood loss, and length of
stays, were collected using an electronic medical record
system. The tumor size was defined as the largest diameter
measured on pretreatment enhanced T1-weighted MRI.
The extent of resection was recorded as Simpson’s grade.
The extent of resection was determined based on a
contrast-enhanced head MRI scan performed, in addition to

operation notes.

3D-printed models

The Mimics 3D image reconstruction software processed
the image data [computed tomography (CT), magnetic
resonance imaging (MRI), and CT angiography]
(Materialise, Leuven, Belgium), which sorted tissues
according to their grayscale and converted tissues within
a certain range of grayscale into 3D images through the
algorithm of the software. Data with the same grayscale but
belonging to different tissues, such as the skull, vasculatures,
tumor, and the nerve, were segmented and visualized
with distinct colors. Objet350 Connex3 printer (Stratasys,
Rehovot, Israel) was used in our study. The software (Objet
Studio Ver. 9.2.11.6817) provided by the 3D printer was
used to select colors and materials for different organs and
tissues. The printed materials mainly included Support
Fullcure 705, TangoPlus Fullcure 930, VeroWhitePlus
FullCure 835, VeroClear FullCure 810, Objet RGD836
VeroYellow, Objet RGD851 VeroMagenta, and Objet
RGD843 VeroCyan. STL (stereolithography) files saved
by Mimics were inserted into the printer; elements such
as texture, color, transparency, and softness for different
tissues were set. During printing, the printer sprayed the
materials onto the build tray layer by layer; every layer of
materials was cured by UV light. After printing, the model
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Patient Gender Age (years) Location Tumor size (mm) Surgical results’
1 Female 59 Tuberculum sellae 45x42 |
2 Male 51 Right posterior fossa 48x40 I
3 Male 70 Left cerebellopontine angle 37x22 |
4 Male 49 Left parasellar 52x45 |
5 Male 59 Anterior skull base 79%66 |
6 Male 47 Left parasellar 32x27 |
7 Female 57 Tuberculum sellae 29x24 |
8 Male 62 Left sphenoid ridge 61x54 |
9 Female 52 Anterior skull base 53x48 I
10 Male 53 Left anterior clinoid process 52x45 v
11 Male 46 Right middle fossae 47x32 |
12 Male 56 Right anterior clinoid process 42x38 I
13 Female 53 Right middle and posterior fossae 47x38 v
14 Female 78 Right anterior-middle cranial fossa 75x47 v
15 Female 55 Anterior skull base 17.5x15 |
16 Male 57 Left sphenoid ridge 47x44 v
17 Male 47 Foramen magnum 41x28 |
18 Female 60 Tuberculum sellae 35x28 |
19 Female 51 Right parasellar 26x18 |
T, Surgical results: |, Simpson grade I; Il, Simpson grade II; Ill, Simpson grade llI; IV, Simpson grade IV.

would be checked with the reconstructed image, and the

extra materials were removed by washing.

Model application

The 3D-printed model was used to accurately restore the
positional relationship between the skull base, nerves,
blood vessels, and tumors before surgery, and to accurately
determine the blood supply artery of the tumor (Figure I)
and whether important blood vessels (such as an internal
carotid artery, anterior cerebral artery, middle cerebral
artery, or basilar artery), nerves (such as the optic nerve,
trigeminal nerve, and oculomotor nerve) are squeezed and
covered by the tumor.

Combining CT, MRI, CT angiography, and 3D-printed
model, before surgery allows neurosurgeons to start from

the relative positions of the skull base, nerves, blood vessels,

© Annals of Translational Medicine. All rights reserved.

and tumors, and observe the tumor base and the scope of
invasion from multiple angles and close distances. The
relevant bone markers are measured, the extent of bone
removal is determined, and the optimal surgical approach is
designed to maximize the exposure of the tumor based on
the protection of nerve tissue and the reduction of vascular
injury (Figure 2). If the tumor invasion is wide, and the skull
base is severely damaged, the individualized skull repair
material is designed before surgery to reconstruct the skull
base (Figure 3).

To encourage patients to have a more thorough
understanding of the disease and treatment methods, based
on the patient’s clinical symptoms, we used a 3D-printed
model combined with imaging examination to inform
patients of the necessity of surgical treatment, surgical

methods, adverse reactions, complications, and accidents, as
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Figure 1 Screenshot of 3-dimensional (3D) images and view of the 3D-printed model. (A,D) View of 3D PDF (portable document format)

files. (B,C and E,F) View of different directions of the 3D-printed model.

well as the effective measures to be taken, the prognosis of

the disease, and the estimated cost (Figure 4).

Statistical analysis

Differences in baseline and clinicopathological parameters
between groups were evaluated using a chi-square test or
Fisher’s exact test based on the type of data. All analyses
were conducted using SPSS software, version 26.0 (IBM
Corp., Armonk, NY, USA). P value <0.05 was statistically

significant.

Results

There were no significant differences in our case-control

© Annals of Translational Medicine. All rights reserved.

studies with or without 3D-printing-assisted surgery
(Table S1). However, although there was no significant
difference found in the statistical analysis, 3D-printing
technology is still one of the auxiliary methods for skull
base meningioma surgery (Figures SI-S3). It is reflected in

the following aspects.

The surrounding tissue and relative position of skull base
tumor

In all cases, the 3D virtual reality image was reconstructed
by software, and a 3D-printed model was printed. All
stereoscopic models clearly show the relative position of
the surrounding tissue and the skull base meningiomas, and

different tissues are labeled with distinct colors (Figure I).
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Figure 2 Protection of vital blood vessels according to 3D-printed model. (A) View of magnetic resonance imaging; (B) view of 3D PDF;

(C,D) view of 3D-printed model; (E,F) final views after tumor removal, especially in terms of the preserved internal carotid artery (ICA),
middle cerebral artery (MCA), and anterior choroidal artery (AChA).
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Figure 3 Individualized skull base reconstruction with 3D-printing technology. (A) 3D-printed model of bone-damaging right middle
fossae meningioma; (B) design of individualized skull base reconstruction; (C) individualized skull base repair material; (D) skull base
reconstruction in surgery; (E) preoperative and (F) postoperative appearance.
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Figure 4 Application of 3D-printed model in patient education.

During the research, to show the structure more clearly,
we gradually changed from non-transparent to transparent
in the use of materials. For cases in which nerves or blood
vessels were contained in tumors, we used transparent
materials to print tumor morphology, and the blood vessels

and nerves in the tumor could be displayed (Figure 5).

Surgical plan design and skull base reconstruction

The extent of tumor exposure was determined based on the
information provided by the 3D-printed models (tumor
size, neurological and vascular sacral or invasive conditions,
the course of the tumor feeding artery, skull base
morphology, and extent of invasion). Simulated surgery was
performed on a 3D-printed model. The degree of tumor
resection and neurovascular protection under different
surgical approaches were analyzed. In a patient (Figure 2),
we determined the relationship between blood vessels and
tumors through a 3D-printed model. The left internal
carotid artery and middle cerebral artery adhered to the
tumor. We first resected part of the tumor from the lateral

© Annals of Translational Medicine. All rights reserved.

side of the middle cerebral artery, and then resected the
remaining tumors through the medial side and protected
the internal carotid and anterior choroidal arteries.

At the time of surgery, a “retrograde excision” surgical
procedure was adopted. Through the path of the blood
supply artery provided by the 3D-printed model, the blood
supply artery of the tumor is first cut to reduce the blood
supply of the tumor, and then intertumoral decompression
is performed, and finally, the tumor base is treated.

According to the 3D-printed model, we have detailed
plans for the destruction of skull base bone before surgery.
We used a grinding drill to remove the hyperplastic bone.
After the bone was removed, the bone was burned again
by unipolar coagulation to kill the residual tumor cells.
In a patient (Figure 3), individualized skull repair material
was made by 3D-printing technology before surgery.
The material was used to accurately match and repair
craniofacial defects to support function and appearance.
After surgery, the exophthalmos was relieved, and the

appearance of craniofacial was preserved.
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Figure 5 3D-printed model materials changed from non-transparent (A,B,C) to transparent (D,E,F).

Improvement of patient education

We communicated pre-operatively with patients according
to the 3D-printed model, so that patients (especially those
without medical background) could further understand
the disease and realize the difficulty of surgery, the risk of
surgery, and the possible complications (Figure 4). This
method enhances the patient’s understanding of the disease
and reduces the anxiety caused by the unknown. At the
same time, it makes the communication between doctors
and patients more stereoscopic, visualized, shortens the
communication time between doctors and patients, and

improves communication efficiency.

Discussion

3D-printing technology is an emerging technology (6), and

© Annals of Translational Medicine. All rights reserved.

its application in the medical industry has triggered a new
wave of scientific research and medical application. This

technology is getting closer to improving neurosurgery,
which is the most delicate and complex surgery (7). Given
the importance of the brain, neurosurgery does not allow
the slightest error during the process (8). Skull base surgery
is one of the most difficult operations in neurosurgery (9). It
has a limited operating space, which is spread over nerves

and blood vessels and has higher requirements for basic
knowledge and surgical skills of neurosurgeons. In our

hospital, we have gained some information about using
3D-printing technology in skull base meningioma surgery.
The 3D-printed models of the skull base meningioma
can truly help for restoring the patient’s skull, tumor, blood
vessels, and nerves. It can perfectly present the spatial

relationship between the various structures and supply
an anatomical basis for surgery. Based on the 3D-printed
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model, we designed the surgical approaches and performed
a simulated operation on the 3D-printed model to analyze

the extent of tumor resection and neurovascular protection
from each surgical approach. Preservation of nerve tissue

and blood vessels must fully expose the tumor and maximize
the removal of the tumor.

In this study, we used non-transparent materials to print
the models in the earlier period, but these models have a
great limitation in clinical practice. Therefore, we used
transparent materials to print the tumor. In this way, we

can more clearly see the blood vessels and nerves inside the
tumor and do the best surgical projection.

At present, the method of resection of giant skull base

meningioma involves intratumoral decompression and
treatment of the basement alternately, but the bleeding

needs to be controlled at all times during the operation.

More bleeding during surgery and longer operation time
are a significant risk for patients and doctors. Through the

3D-printed model, the “retrograde resection” is used to cut
off the tumor supplying artery for the first time, reducing
the blood supply of the entire tumor, and then performing
tumor resection. During the resection process, only a small
amount of oozing blood was found on the wound surface.
The patient experienced less blood loss, the pressure on the
surgeon was lower, the operation time was shorter, and the
patient recovered faster after surgery.

A major difficulty in skull base surgery is the
reconstruction of the skull base and dura mater. If the

reconstruction is not complete, complications will occur,
such as cerebrospinal fluid leakage, intracranial gas
accumulation, brain tissue bulging, intracranial infection,
etc., which can be life-threatening in severe cases. The
effects of skull base reconstruction directly affect the
recovery of patients after surgery (10). The widely used
method currently is to use the pedicled fascia or titanium
plate to rebuild the dura mater and the skull base. In
this way, the likelihood of cerebrospinal fluid leakage
after surgery is reduced. According to earlier studies, the
reconstruction of the skull base and the dura mater can only
be judged by intraoperative judgment, which is a major
obstacle to a smooth operation. Hoffmann ez 4/. (11) used
a thinner CT scan and/or 3D-constructive interference

in steady state (CISS) MRI or fluorescein technology
to determine the extent of reconstruction, which is less

accurate. We developed a skull base reconstruction plan
before surgery through a 3D-printed model. The defected

bone was reconstructed with the individualized skull repair
materials and fixed with titanium nails. Although many

scholars believe that bone defects only affect appearance

© Annals of Translational Medicine. All rights reserved.
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rather than function when Abe et 4/. (12) used a combination
of bone and skin flap to repair the skull base, the patient’s

appearance has a great impact on the patient's social life and
mental health. During the operation, it is ensured that the

skull base is repaired completely to reduce the occurrence of
cerebrospinal fluid leakage and intracranial infection while
maintaining appearance and integrity as much as possible.
Currently, bioprinting technologies use smaller fabrication
units such as cells, cell aggregates, or biochemicals to
produce simple tissues such as adipose tissue (13), muscles,
bones, cartilage (14), 3D vasculature (15), and neural mini-
tissues (16).

At present, most imaging examinations are 2D black-
and-white images. It is difficult for people without a

medical background to understand the meaning as they
are hard to explain. Patients are only aware of the presence

of tumors but do not know where the tumors are. At the
same time, some medical terminology also prevents doctors
and patients from communicating effectively, which is very
unfavorable for the doctor-patient relationship. Patients are

anxious to understand the information such as the risk of
surgery and complications. To improve the situation, some

research has been done. Yang er a/. (17) used 3D-printed
liver models to improve parental education regarding the
understanding of liver anatomy and physiology, tumor
characteristics, surgical procedure, and associated surgical
risks. In a randomized controlled trial, Biro er al. (18)
performed an analysis of the benefits of 3-dimensionally
printed models in Mohs micrographic surgery (MMS). They
concluded that a 3D-printed MMS model with standardized
education (SE) may improve patient understanding of
MMS and decrease perioperative anxiety. The brain is the
most sophisticated and complex organ in the human body,
and therefore the risk of performing surgery is extremely
high. van de Belt ez /. (19) explored the applications of
3D-printed models in glioma patients. They assessed what
patients with glioma value (or fear) about the models and
found that 3D-printed models can have a positive impact
on the psychological domain of glioma patients (including
coping, learning effects, and communication). In this study,
we printed the skull base tumor and surrounding tissues in
equal proportions. Through 3D-printed models and 2D
images, we actively communicated with patients with regard
to the aspects of tumor location, surgical necessity, surgical
methods, surgical risks, and complications. It was easier

for the patients to understand their condition better and
make a prudent decision easier based on the information
we provided. 3D-printed models reduce the difficulty of

communication between doctors and patients, shorten the
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communication time, improve communication efficiency, and
lay a foundation for further development of treatment plans.
According to our analysis, the reasons why the difference
between the 3D group and the non-3D group is not obvious
are as follows: first of all, the limitations on the number

of cases in this study may lead to no significant statistical
differences. Then, due to differences in tumors (size, blood

supply, texture, etc.), the 3D group was more complicated
than the non-3D group. The advantages of 3D-printing
cannot be reflected in the operating time, the blood loss,
and the length of stays. At last, because the nerves and blood

vessels in the complex skull base meningiomas were closely
related to the tumor and had even been invaded, there was

no significant difference between the 3D group and the
non-3D group in terms of the number of complications and

functional improvement.

There are some studies on the preoperative simulation of
neurosurgery through the 3D digital reconstruction model.

Although the perception of the anatomical structure has
been improved (20,21), it is clear that inspection of 3D data
in stereo and with a sense of hand-eye coordination can

give surgeons further confidence in comprehending surgical
anatomies (22). According to the instruction of Objet350

Connex3 printer in our study, the typical deviation from
STL dimensions, for models printed with rigid materials,
based on size: under 100 mm = 100 pm; above 100 mm =
200 pm or +0.06% of part length. It can accurately print

out the solid model based on the 3D digital reconstruction
model. With the advancement of this technology, although

the time required for 3D-printing is getting shorter and
shorter, the time-consuming nature of 3D-printing is
also one of its limiting factors. It takes about 11-16 hours
from digital reconstruction to model printing, with about
3—4 hours spent reconstructing the 3D model using the
Mimics software, and the remaining time printing the
model. At the same time, compared with the 3D digital
reconstruction models, 3D-printing models are more
expensive, which is one of the reasons why it has not

been popularized when it is compared to the 3D digital
reconstruction model.

In our research, 3D-printing technology is one of the

most effective auxiliary methods for skull base meningioma
surgery. However, areas for continued improvement

remain. Skull base meningiomas are usually closely related
to the nerves and blood vessels. To ensure that the structure
and function of normal tissues of patients remain, the
most important thing is to improve accuracy, not only in

relation to printing but also in relation to the accuracy of
digital reconstruction. At the same time, the time required

© Annals of Translational Medicine. All rights reserved.
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for printing still needs to be shortened, and the cost of
3D-printing should also be reduced.

Conclusions

Our study proves that neurosurgeons can identify
the anatomy of the skull base meningioma through a
3D-printed model and develop a surgical plan based on

the model to supply individualized treatment. Therefore,
3D-printed models can help patients to understand more
thoroughly their current situation, treatment plans, and
risks, reducing anxiety.
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Supplementary

Table S1 The clinicopathological features stratified by application of 3D-printing technology (n=35)

Variables All patients 3D group Non-3D group P value
Age (years), n (%) 0.124
<60 27 (77.1) 15 (78.9) 12 (75.0)
>60 8(22.9) 4(21.1) 4(25.0)
Gender, n (%) 0.115
Male 16 (45.7) 11 (67.9) 5(31.3)
Female 19 (54.3) 8 (42.1) 11 (68.8)
Tumor size (cm), n (%) 0.764
<5 23 (65.7) 13 (68.4) 10 (62.5)
>5 12 (34.3) 6 (31.6) 6 (37.5)
Extent of resection, n (%) 0.321
Simpson grade | 21 (60.0) 12 (63.2) 9 (56.3)
Simpson grade Il 8 (22.8) 3(15.8) 5(31.3)
Simpson grade llI 1(2.9 0 1(6.3)
Simpson grade IV 5(14.3) 4(21.0) 1(6.3)
Complication 0.138
Yes 11 8 3
No 24 11 13
Function improvement 0.258
Yes 29 17 12
No 6 2 4
Operating time (min), mean + SD 451.80+122.59 477.37+138.40 421.44+96.28 0.208
Blood loss (mL), mean + SD 371.43+196.40 410.53+225.82 325.00+148.32 0.280
Length of stays (days), mean + SD 22.63+4.49 23.47+3.96 21.63+4.98 0.157

SD, standard deviation.



Figure S1 View of 3D-printed model (A), 3D PDF (D) and pre-operative (B,C) and post-operative (E,F) comparison of left anterior clinoid

process meningioma.



Figure S2 View of 3D-printed model (A), 3D PDF (D) and pre-operative (B,C) and post-operative (E,F) comparison of left sphenoid ridge

meningioma.



Figure S3 View of 3D-printed model (A), 3D PDF (D) and pre-operative (B,C) and post-operative (E,F) comparison of foramen magnum

meningioma.
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