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Objective : Recently, three-dimensional (3D) printed models of the intracranial vascular have served as useful tools in simulation
and training for cerebral aneurysm clipping surgery. Precise and realistic 3D printed aneurysm models may improve patients’
understanding of the 3D cerebral aneurysm structure. Therefore, we created patient-specific 3D printed aneurysm models as an
educational and clinical tool for patients undergoing aneurysm clipping surgery. Herein, we describe how these 3D models can be
created and the effects of applying them for patient education purpose.

Methods : Twenty patients with unruptured intracranial aneurysm were randomly divided into two groups. We explained and
received informed consent from patients in whom 3D printed models-(group 1) or computed tomography angiography-(group
I) was used to explain aneurysm clipping surgery. The 3D printed intracranial aneurysm models were created based on time-of-
flight magnetic resonance angiography using a 3D printer with acrylonitrile-butadiene-styrene resin as the model material. After
describing the model to the patients, they completed a questionnaire about their understanding and satisfaction with aneurysm
clipping surgery.

Results : The 3D printed models were successfully made, and they precisely replicated the actual intracranial aneurysm structure of
the corresponding patients. The use of the 3D model was associated with a higher understanding and satisfaction of preoperative
patient education and consultation. On a 5-point Likert scale, the average level of understanding was scored as 4.7 (range, 3.0-5.0)
in group I. In group Il, the average response was 2.5 (range, 2.0-3.0).

Conclusion : The 3D printed models were accurate and useful for understanding the intracranial aneurysm structure. In this study,
3D printed intracranial aneurysm models were proven to be helpful in preoperative patient consultation.
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INTRODUCTION lationship of the aneurysm with the parent artery and its
branches, bones, brain parenchyma, and cranial nerves is of

In the surgical treatment of unruptured intracranial aneu- great importance®. In the past, surgical treatment was ac-
rysms (UIAs), a thorough understanding of the positional re- quired through practical experience gained during actual op-
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erations. Recently, however, there have been increasingly fewer
opportunities for junior surgeons to receive on-the-job train-
ing owing to restrictions imposed by society and the extensive
use of endovascular techniques”.

To resolve this problem, three-dimensional (3D) printing
technology has been adopted as neurosurgical training in re-
cent years*'"'?. With rapid advances in additive manufactur-
ing and 3D printing”, 3D models of any organ can now be
created directly from two-dimensional (2D) computed to-
mography scans or magnetic resonance images”. These mod-
els are physiologically and anatomically accurate and very
helpful for gaining an understanding of the structures. For
these reasons, these models are recently being used in the
clinical setting, and they have shown to be effective teaching
tools for training junior surgeons. The application of 3D
printing technology in neurosurgical training has been re-
ported in recent years and its usefulness has been demonstrat-
ed5‘8,10).

Such advantages led us to postulate that patient-specific 3D
printed aneurysm models might be useful educational tools
for patients and family members. Until now, 2D imaging, such
as computed tomography angiography (CTA) or cerebral an-
giography, was the only method available for patient educa-
tions. With the digitalization of diagnostic radiologic images,
it has become easy to obtain simulated 3D images at desired
angles by, for example, 3D-CTA or 3D digital subtraction an-
giography (3D-DSA)?. Although this method is useful, it is
difficult to understand the complexity of the vascular network
around the aneurysm, and all these images can only be pre-
sented on a computer screen.

We believe a true 3D printed model is more advantageous
as an educational tools. However, no study has focused on pa-
tients' understanding and satisfaction of aneurysm clipping
surgery. Thus, we created patient-specific 3D printed aneu-
rysm models as an educational tool for patients who were
scheduled to undergo aneurysm clipping surgery. In this
study, we describe how these 3D models were created and the

effects of applying them for patient education purposes.

MATERIALS AND METHODS

Patients
This prospective study included 20 consecutive patients
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with UIAs, who were admitted to Neurosurgery from No-
vember 2017 to August 2018. All patients included in this
study underwent aneurysm clipping surgery that was per-
formed by a single surgeon in our department. The study was
approved by the Pusan National University Hospital Institu-
tional Review Board (1811-008-072).

We explained the study and received informed consent
from all patients. The 20 patients with UIAs were randomly
divided into two groups. The 3D printed models were used in
10 patients (group I) (Table 1) and CTA was used in the other
10 patients (group II) (Table 2). The 20 patients received simi-
lar information regarding the anatomy and physiology of the
aneurysm, the planned surgery, and associated surgical risks
and outcomes from single doctor, except for differences in ex-

planatory material.

Preparation of magnetic resonance data for 3D
printing

Aneurysm models were fabricated using data obtained from
time-of-flight magnetic resonance angiography (MRA) data
(Fig. 1). MRA data of all enrolled patients were prospectively
collected using a 1.5 Tesla MAGNETOM Avanto scanner (Sie-
mens Healthineers, Erlangen, German). We used Materialise
Mimics software (Materialise, Leuven, Belgium) to process
the original MRA data in Digital Image and Communication
in Medicine (DICOM) format, and the vascular threshold val-
ues were applied for patients with an aneurysm detected by
MRA. A 3D reconstruction technique was used to construct a
3D intracranial aneurysm model. The results were converted

to a standard triangulated language file (Fig. 2).

3D printing

The 3D printed models were created with Nobel 1.0A
(XYZPrinting, San Diego, CA, USA) (Fig. 3). This printer
works with full-color ink-jet printing on thin layers of plaster
powder. It produces solid models by using photosensitive resin
to repeatedly draw 0.025-mm thick pattern layers on a plat-
form. The solid model is hard and whitish. The model is
formed together with automatically generated supports. The
supports have to be removed after the model is taken off the

platform.

Data collection
Clinical data of the patients, including age, sex, academic
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Table 1. Clinical data of group |

Patient No. Sex Age (years) Location of the lesion Size (mm), LxWxH Diameter of the neck (mm)
1 F 54 Rt ICA bifurcation 2.82x4.18%2.76 1.83
2 F 58 Rt MCA bifurcation 4.04x4.69x5.13 3.15
3 F 61 Rt MCA bifurcation 4.50%6.28x%5.80 332
4 F 57 Lt A-com 6.11%4.95x6.97 262
5 F 71 Rt MCA bifurcation 8.06x7.19x7.84 4.28
6 M 50 Rt M1 3.33%3.79%4.55 2.86
7 F 62 Lt M2 5.38x6.02%x5.43 3.39
8 F 54 Rt MCA bifurcation 4.32%3.96%5.28 3.21
9 F 58 Rt MCA bifurcation 3.87%4.03x3.42 338
10 F 54 Lt Ach 3.26%5.03%4.05 4.28

No. : number, L : length, W : width, H : height, F : female, Rt : right, ICA : internal carotid artery, MCA : middle cerebral artery, Lt : left, A-com : anterior
communicating artery, M : male, Ach : anterior choroidal artery

Table 2. Clinical data of group I

Patient No. Sex Age (years) Location of the lesion Size (mm), LxWxH Diameter of the neck (mm)
1 F 53 Lt P-com 6.44x6.01x3.39 449
2 F 68 Lt MCA bifurcation 8.25%5.39%8.11 5.56
3 M 70 Rt P-com 3.36%2.69%3.79 2.39
4 F 58 Rt A-com 5.10x4.48x4.95 4.31
5 M 57 Lt A-com 4.93x6.85x5.88 339
6 F 56 Lt MCA bifurcation 6.25x4.58%4.97 5.12
7 M 63 Rt M1 4.38%3.56x5.92 332
8 F 64 Rt MCA bifurcation 5.93x5.82x4.57 6.78
9 F 59 Rt A-com 4.42x5.28x5.42 3.82
10 M 61 Rt MCA bifurcation 6.95x5.98%9.10 3.96

No. : number, L : length, W : width, H : height, F : female, Lt : left, P-com : posterior communicating artery, MCA : middle cerebral artery, M : male, Rt :
right, A-com : anterior communicating artery

Fig. 1. Magnetic resonance angiography (MRA) of a right internal carotid artery bifurcation aneurysm before surgery. White arrows showed aneurysms
on MRA. A: Anteroposterior view. B : Posteroanterior view.
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background, location of the aneurysm, lumen size of the an-

eurysm, and diameter of the aneurysm neck, were recorded.

Questionnaire for patient consultation

We assessed patients’ understanding and satisfaction of the
presurgical consultation with the 3D models using a question-
naire. The questionnaire consisted of seven questions, and rat-

ings were provided on 5-point Likert scale.
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RESULTS

In this study, 20 patients with UIAs (five men and 15 wom-
en; mean age, 59.4 years [range, 50-71]) were enrolled. Char-
acteristics of age and level of education were similar between
the two groups. The location, size, and diameter of aneurysm
were summarized in Tables 1 and 2 for each group. There are

no statistically significant differences in the mean size of the

aneurysm which length (group I, 4.56+1.57 mm; group 11, 5.60
+1.57 mm; p=0.144), width (group I, 5.01+1.14 mm; group II,
5.06%1.25 mm; p=0.924), and height (group I, 5.1241.54 mm;

Fig. 2. Three-dimensional reconstruction of a right internal carotid artery bifurcation aneurysm before surgery using Materialise Mimics software
(Materialise, Leuven, Belgium). A : Anteroposterior view. B : Posteroanterior view.

Fig. 3. The three-dimensional printed model of an internal carotid artery bifurcation aneurysm before surgery. White arrows demonstrated aneurysms
on 3D model. A : Anteroposterior view. B : Posteroanterior view.

J Korean Neurosurg Soc 62 (4) : 398-404 401



J Korean Neurosurg Soc 62 | July 2019

group II, 5.61%1.78 mm; p=0.524) between two groups. The
mean diameter of aneurysm neck of group I was 3.43 + 0.55
mm, whereas the mean diameter of group II was 4.11£0.94
mm (p=0.063).

All patients underwent aneurysm clipping surgery under
general anesthesia. Additionally, all 20 patients underwent
CTA, DSA, and MRA, and the 3D models of the aneurysms
were printed based on MRA DICOM data. The proposed
method successfully produced patient-specific 3D printed an-
eurysm models that precisely matched the images recon-
structed through 3D DSA and Materialise Mimics. A total of
20 patients in group I and II participated in the survey after
completing the consultation. Table 3 shows the questions of
the questionnaire with the mean responses and ranges in
group I and IL.

The time required for manufacturing was 3-4.5 hours, and
it tended to increase with the size of the 3D vascular model.
This was mainly due to the longer time required to manufac-
ture the 3D model. The process time and cost of the material
are shown in Table 4.

Table 5 shows the levels of understanding and satisfaction
both before and after the explanation in group I and group IL
On average, the level of understanding scores improved from
1.7+0.67 to 4.7%0.67 in group I, and from 1.5%0.53 to 2.5%0.53
in group II. The level of satisfaction scores were 4.4+0.70, and
2.9%0.57 in group I and II, respectively (Table 5). The 3D
models provided a better understanding of UIAs and aneu-

rysm clipping surgery with a high level of patient satisfaction.

Table 3. Results of the survey in group | and group Il

DISCUSSION

This current study investigated the impact of using 3D
printed aneurysm models of the patient for patient education
compared with CTA. In order to reduce the bias that could
arise from differences in the description rather than differ-
ences in the explanatory material, single doctor gave an expla-
nation for the patients. The 3D model was used as an adjunct
to the conventional preoperative consent process. In the cur-
rent study, it was possible to quantify the impact of the 3D
models on patient understanding. Compared with conven-
tional methods, the results suggested that 3D printed intracra-
nial vascular models comprehensively improved patients' un-
derstanding and satisfaction of UIAs and clipping surgery.

Currently, the use of 3D printing in medicine is rapidly

Table 4. The process time and cost of the 3D printed models

Patient No. Process time (hours) Cost (KRW)
1 3.5 3000
2 3 2800
3 4 3600
4 35 3500
5 4 4000
6 4.5 4200
7 4 3800
8 3 3400
9 4 3800
10 35 3500

3D : three-dimensional, No. : number, KRW : Korean won

Average response (range, 1-5)

No. Question
Group | Groupl I
1 Did you know about the aneurysms before? 1.7 (1-3) 15(1-2)
2 Did the 3D printed model improve your understanding of the aneurysm'’s relationship to the parent 4.2 (3-5) NA
artery?
3 Was the 3D printed model effective in the consultation? 44 (4-5) NA
4 Did the 3D printed model improve your understanding of the intracranial aneurysm and aneurysm 4.7 (3-5) 25(2-3)
clipping surgery?
5 Were you satisfied with the consultation? 44 (3-5) 29 (2-4)
6 Was the 3D printed model interesting to you? 44 (4-5) NA
7 Do you think the 3D printed model can be clinically applied to another pretreatment method? 4(3-5) NA

A score of 1 is strongly negative, and a score of 5 is strongly positive. No. : number, 3D : three-dimensional, NA : not available
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Table 5. Results of the survey in group | and group Il
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Factor Group |, Groupll, p-value
average response average response

Age (years) 579+5.8 60.9+54 0.247
Sex (F/M) (%) 90/10 60/40 0.280
Level of education 0.853

None/lower education 0(0) 0(0)

High school graduate 1(10) 2 (20)

Middle school graduate 4 (40) 3(30)

College graduate 5 (50) 5 (50)
Level of understanding before the explanation 1.740.67 1.5+0.53 0.579
Level of understanding after the explanation 4.7+0.67 254053 <0.001
Level of satisfaction about the explanation 44+0.70 29+0.57 <0.001

Values are presented as mean=+standard deviation or number (%) unless otherwise indicated. Level of understanding and level of satisfaction scores
are based on a 5-point Likert scale. Age, level of understanding, and level of satisfaction scores are presented as averages. F : female, M : male

growing in many surgical fields but mostly in surgical train-
ing and simulation>**. The use of 3D printing technology is
rapidly expanding, not only in surgical training and simula-
tion, but also in the area of medical education for patients®.
We successtully created patient specific 3D models to inform
patients with UIA about their clinical situation, treatment op-
tions, and risk. The models were highly appreciated by the pa-
tients. Patients significantly improved their understanding of
all aspects investigated with the 3D printed models compared
with conventional methods. Observing a physical representa-
tion of the aneurysm did not make patients feel uncomfort-
able. The use of a 3D printed model herein gave patients a
much better idea of what would happen during the surgery,
which reassured them, and consequently, the patients felt
more involved in the decision-making process.

The main limitation of 3D printing technology is that
building a 3D model involves a 3D rendering and 3D printing,
which are time consuming and costly”. However, with the de-
velopment of newer printers and the broadening of printed
materials, the time and cost have been reduced'. In this
study, we used the Nobel 1.0A (XYZPrinting), which is small
(280%345%590 mm) and lightweight (9.6 kg). The process time
for making the 3D models is 3.7 hours on average. The mate-
rial cost of each model is approximately 3500 Korea won. The
time and cost will decrease as 3D printing technology advanc-
es. As 3D printing technology progresses and costs fall, pa-
tient-specific 3D printing may become standard for both clin-

ical and educational purposes.

This study had several limitations. The model integrated
only the vascular structure with the aneurysm. Other impor-
tant anatomical relationships such as the other optic chiasm,
cranial nerves, skulls, and brains were not included. In addi-
tion, the 3D printing technology could capture only major
vasculature structures. It is not possible to capture small ves-
sels and perforators with current commercially-available tech-
nology.

Furthermore, this study only enrolled 20 patients, and the
small sample sizes may introduce bias. Given that this was
only a single-center experience and that there were only 10 pa-
tient-specific models used to evaluate patient understanding,
additional larger prospective studies will be needed to confirm
the usefulness of a patient-specific 3D print model for patient

understanding and satisfaction with aneurysm clipping sur-

gery.

CONCLUSION

The patient-specific 3D printed aneurysm models were use-
ful patient education. The models were accurate, realistic, and
easy to understand, although they illustrated the complex in-
tracranial vascular structure. Moreover, such models are easy to
create, and we believe that they are very useful in routine clini-
cal practice during pretreatment. However, studies with larger

sample sizes are needed to confirm these preliminary findings.
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