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Objective: The purpose of this study was to determine the efficacy of a 3D-printed 
aneurysm simulation model (3DPM) in educating patients and improving physicians’ 
comprehension and performance. 

Methods: This prospective study involved 40 patients who were diagnosed with un-
ruptured intracranial aneurysms (UIAs) and scheduled for surgical clipping or en-
dovascular coiling and randomly divided into two groups (the 3DPM group and the 
non-3DPM group). The 3DPM was used in preoperative consultation with patients 
and intraoperatively referenced by surgeons. The patients, 7 neurosurgical resi-
dents, and 10 surgeons completed questionnaires (5-point Likert scale) to deter-
mine the usefulness of the 3DPM. 

Results: Patients in the 3DPM group had significantly higher scores in terms of their 
understanding of the disease (mean 4.85 vs. 3.95, p<0.001) and the treatment plan 
(mean 4.85 vs. 4.20, p=0.005) and reported higher satisfaction during consultation 
(5.0 vs. 4.60, p=0.036) than patients in the non-3DPM group. During patient consul-
tation, 3DPMs were most useful in improving doctor–patient communication (mean 
4.57, range 4-5). During clipping surgery, the models were most useful in assessing 
adjacent arteries (mean 4.9, range 4-5); during endovascular coiling, they were espe-
cially helpful in microcatheter shaping (mean 4.7, range 4-5). 

Conclusions: In general, 3DPMs are beneficial in educating patients and improving the 
physician’s performance in terms of surgical clipping and endovascular coiling of UIAs.

Keywords　‌�Intracranial aneurysm, Patient education, Three-dimensional printing, 
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INTRODUCTION

Unruptured intracranial aneurysms (UIAs) are frequently observed in the neurosurgical 
department, with a prevalence of approximately 3% in the general population.9)23) 



3D-printed simulation models of unruptured intracranial aneurysms

20  www.the-jcen.org

patient medical records (demographics, medical history 
and education), aneurysm geometry (location, aneurysm 
number, aneurysm size) and planned procedure (clipping 
or coiling).

In addition, 7 neurosurgical residents and 10 neurosur-
geons (the surgeons performing the procedures, along 
with their surgical assistants) were required to complete 
the questionnaire to evaluate the efficacy of 3DPM.

The study was approved by the institutional review 
board of our institute (2021-08-040), and we obtained 
informed consent from all the enrolled patients.

Generating patient-specific 3DPM
The patient-specific 3DPM was made before hospital-

ization. Images were exported in standard digital imaging 
format from preoperative digital subtraction angiography 
(DSA) or magnetic resonance angiography (MRA) to 
the Mimics medical image processing software (20.0, 
Materialise, Leuven, Belgium). The field of interest was 
segmented and converted into the standard triangulated 
language file. The printing was started after the design by 
using an SLA 3D printer (Form2, Formlabs, Somerville, 
US). Then, the researcher manually removed the thin 
pillars supporting the 3DPM, completing the manufac-
turing process (Fig. 1).

Questionnaire for patients and neurosurgical residents
In the 3DPM group, the patient-specific 3DPM was 

used when explaining the disease and procedure and 
when obtaining informed consent the day before the 
procedure. In the non-3DPM group, preoperative DSA 
or MRA was used rather than 3DPM for explaining the 
procedure. In both groups, aneurysm character, neuro-
vascular anatomy, disease prognosis, complication and 
outcome of each planned procedure was described. Then, 
the patients enrolled in both groups completed the ques-
tionnaire to evaluate their level of comprehension and 
satisfaction with the explanation and efficacy of 3DPM. 
The questionnaire consisted of questions rated on a 
5-point Likert scale.

After the explanations using 3DPM, a questionnaire 
was completed by the neurosurgical residents and eval-

Since the rupture of UIAs is well recognized as a cause of 
subarachnoid hemorrhage or intracerebral hemorrhage, 
leading to fatal neurological aftereffects, it is currently 
treated with either surgical clipping or endovascular 
coiling.2)8)

The location, direction, shape, and size of the aneurysm as 
well as its relationship with adjacent arteries are important 
considerations in preoperative planning, meaning that 
three-dimensional (3D) comprehension of the target aneu-
rysm is indispensable.13)16) Although it has recently become 
simple and fast to reconstruct 3D images due to the develop-
ment of imaging techniques, the ability to comprehend the 
actual anatomy and characteristics of aneurysms on a two-di-
mensional computer screen is limited.1)6)16) In addition, a large 
percentage of patients are elderly, which makes it difficult to 
understand the disease and treatment plan based on digital 
images. Therefore, 3D printing technology has recently been 
used in many medical fields, including medication, surgical 
planning and instrumentation, and in the education of 
patients and neurosurgical trainees to improve performance 
and eliminate the limitations of digital imaging.5)13)14)16)21)

For the current report, we conducted a study using ques-
tionnaires to validate our assumption that a patient-specific 
3D-printed aneurysm simulation model (3DPM) of the 
target aneurysm can improve the patient’s understanding of 
the condition and improve the understanding of both the 
surgical trainees and neurosurgeons, thus resulting in better 
performance and understanding.

MATERIALS AND METHODS

Study population and data collection
This prospective study included 40 consecutive 

patients (20 with clipping surgery and 20 with endo-
vascular coiling) who were diagnosed with UIAs and 
scheduled for surgical clipping or endovascular coiling 
between September 2021 and November 2021. Enrolled 
patients were randomly divided into two groups before 
admission: 20 patients in the 3D printing group (3DPM 
group) and 20 patients in the non-3D-printing group 
(non-3DPM group). The data were collected, including 
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uated to determine the usefulness of 3DPM in resident 
training and patient–doctor communications.

Questionnaire for surgeons and surgical assistants
The 3DPM was shown to neurosurgeons during clip-

ping surgery or endovascular coiling of enrolled patients. 

During the procedures, various situations, such as 
patient positioning, surgical approach, clip application, 
microcatheter shaping or selection into the aneurysm, 
and coiling, were referred to. Instead of referring to the 
DSA image, the 3DPM was intermittently displayed 
with the same surgical view in the operative field when-

Fig. 1. (A) 3D reconstructed image using preoperative DSA of a patient with multiple aneurysms at the superior hypophyseal branch and 
bifurcation of the left internal carotid artery. (B) The preoperative images were converted into standard triangulated language files. (C) 
The patient’s 3DPM before manual work. (D) Final 3DPM after manual work to remove the columns attached to the model. DSA, digital 
subtraction angiography; 3DPM, 3D-printed aneurysm simulation model 

A B

C D
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ever the operator wanted it. A questionnaire was also 
completed by both the surgeon and the assistant after 
the procedure to evaluate the efficacy of 3DPM during 
the whole process.

In addition, the process and cost of making the 3DPM 
were disclosed, and all the included patients and medical 
personnel questioned the expected cost of the 3DPM.

Statistical analysis
All statistical analyses were performed using SPSS 

version 18.0 (SPSS, Chicago, Illinois, US). Variables 
are expressed as the mean±standard deviation, mean 
(range) or number with percentage. Student’s t test 
or the Mann–Whitney U test were used to compare 
continuous variables and the scores of the questionnaire 
between two groups, while the chi-square test was used 
to compare categorical variables. A p value <0.05 was 
considered statistically significant.

RESULTS

The average duration of the 3D printing process was 5 
hours and 9 minutes, consisting of 224 minutes for the 
printing process, 65 minutes for the washing and drying 
process, and 20 minutes for the manual cutting process. 
The average cost of the resin used for the process was 2.98 
US dollars (USD) per case.

The baseline characteristics of the patients are summa-
rized in Table 1. Each group consisted of 10 patients 
who underwent clipping surgery and 10 who underwent 
endovascular coiling. Points of the questionnaire from 
patients after preoperative consultations are shown in 
Table 2. The 3DPM group had higher points in under-
standing of the disease (question no. 1, mean 4.85 vs. 
3.95, p=0.001) and understanding of the treatment 
plan (question no. 2, mean 4.85 vs. 4.20, p=0.005) and 
revealed higher satisfaction during the consultation 

Table 1. Baseline characteristics of the enrolled patients

Variable 3DPM group (n=20) Non-3DPM group (n=20) P-value

Sex, male 6 5 

Age (year) 61.65 (35−77) 62.2 (35−76) 0.864

Aneurysm characteristics

Number of aneurysms 1.2 (1−3) 1.2 (1−3) 1.00

Height (mm) 3.59±1.80 3.24±1.07 0.468

Width (mm)  4.6±2.12 3.93±1.42 0.248

Neck (mm) 3.91±1.11 3.38±0.58 0.069

3DPM, 3D-printed aneurysm simulation model 

Table 2. Questionnaire filled out by patients after preoperative consultation

No. Question
Mean (range)

P-value
3DPM group Non-3DPM group

1 How much did you understand about the disease, unruptured cerebral  
aneurysm?

4.85±0.36 3.95±0.99 <0.01

2 How much did you understand about the treatment plan? 4.85±0.36 4.20±0.89 0.006

3 Did the 3D printed model help you to comprehend the shape of the aneurysm? 5.00 N/A

4 Did the 3D printed model help you to comprehend the location of the aneurysm? 5.00 N/A

5 Did the 3D printed model helpful for overall understanding of the disease? 5.00 N/A

6 Do you think patient specific 3D printed model can help you in understanding the 
aneurysm and treatment plan?

N/A 4.60

7 Do you think patient specific 3D printed model might enhance the accuracy and  
safety of the procedure for operators?

4.95±0.22 4.80±0.41 0.159

8 Was the preoperative consultation satisfying for you? 5.00 4.60±0.82 0.042

1 point: strong negative - 5 point: strong positive. 3DPM, 3D-printed aneurysm simulation model 
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(question no. 8, mean 5.0 vs. 4.60, p=0.036) than the 
non-3DPM group. All the patients in group A reported 
that the 3DPM was very helpful in understanding the 
shape, location and overall aspect of the disease. Patients 
in the non-3DPM group reported that the patient-spe-
cific 3DPM service would help them to better under-
stand the characteristics of the aneurysm and the treat-
ment plan (mean 4.60, range 2-5). All the patients in 
both groups expected that the 3DPM might increase 
the accuracy and safety of the surgery or endovascular 
process (mean 4.95 and 4.80, respectively).

Questionnaire results from neurosurgical residents are 
shown in Table 3. The 3DPM was especially helpful in 
understanding the shape (mean 4.14, range 3-5), direc-
tion (mean 4.43, range 3-5) and parent artery (mean 4.14, 

range 3-5) of the aneurysm. The model mostly helped 
to improve doctor–patient communication (mean 4.57, 
range 4-5).

Surgeons and surgical assistants participated in the 
actual procedures of both surgical clipping and endo-
vascular coiling using 3DPM, and their questionnaire 
results are shown in Tables 4 and 5. During surgical 
clipping, the 3DPM was most useful in understanding 
the direction (mean 4.1, range 4-5) and adjacent arteries 
(mean 4.9, range 4-5) of the target aneurysm. In the 
coiling procedure, the 3DPM was mostly helpful in 
shaping (mean 4.7, range 4-5) and inserting (mean 4.5, 
range 4-5) the microcatheter into the aneurysm. In both 
the clipping and coiling procedures, surgeons reported 
that the 3DPM is clinically applicable (mean 4.6 and 4.4, 

Table 3. Result of the questionnaire filled out by neurosurgical residents

No. Question Mean (range)

1 Is the 3D printed model clinically applicable? 4.00 (2−5)

2 Did the simulation model help you to comprehend the shape of the aneurysm? 4.14 (3−5)

3 Did the simulation model help you to comprehend the location of the aneurysm? 3.71 (3−5)

4 Did the simulation model help you to comprehend the direction of the aneurysm? 4.43 (3−5)

5 Did the simulation model help you to comprehend the parent artery of the aneurysm?	 4.14 (3−5)

6 Did the simulation model improve your understanding on the aneurysmal therapeutic strategy of craniotomy  
clipping or endovascular coiling? 3.86 (2−5)

7 Did the simulation model improve your understanding on the wide-necked aneurysm and its therapeutic strategy? 3.43 (2−5)

8 Did the simulation model improve your surgical skill? 2.86 (2−4)

9 Did the simulation model improve your doctor-patient communication skill? 4.57 (4−5)

10 Was the simulation model useful to you? 4.00 (3−5)

1 point: strong negative - 5 point: strong positive

Table 4. Result of the questionnaire filled out by operators of coiling procedure

No. Question Average point (range)

1 Did the 3D printed model influenced your decision to perform coiling rather than clipping? 2.7 (2−4)

2 Did the simulation model help you to comprehend the shape of the aneurysm? 3.5 (3−4)

3 Did the simulation model help you to comprehend the location of the aneurysm? 2.0 (1−4)

4 Did the simulation model help you to comprehend the direction of the aneurysm? 4.2 (3−5)

5 Did the simulation model help you to comprehend the parent artery of the aneurysm? 4.6 (2−5)

6 Was the 3D printed model useful in microcatheter shaping? 4.7 (4−5)

7 Was the 3D printed model useful in microcatheter selection to aneurysm? 4.5 (4−5)

8 Was the 3D printed model useful in packing the coils? 2.3 (1−4)

9 Did the simulation model improve your surgical skill? 2.7 (2−4)

10 Is the 3D printed model applicable and useful during procedure? 4.4 (4−5)

1 point: strong negative - 5 point: strong positive 
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respectively).
The expected appropriate cost of the 3DPM reported 

in each group is shown in Table 6.

DISCUSSION

3D printing technology is an essential technology in 
the neurosurgical field, not only in the cerebrovascular 
field but also in all other specialties, such as trauma, 
tumor and spine surgeries.4)7)10)12)15)19)20)22) Our 3DPM 
showed direct visualization and great correlation with 
the actual anatomy of the patient’s vasculature, which 
was actually helpful intraoperatively. In addition to 
helping neurosurgeons’ anatomical comprehension, it 
is also useful in doctor–patient communication and 
training young neurosurgeons, which is shown in the 
results.

According to the surgeons, during surgical clipping, 
the 3DPM was very helpful in determining the exact 
correlation between the aneurysm and the parent artery 
or adjacent arteries, especially when adhesion was 
present between them. In a patient in the 3DPM group, 

we accurately demonstrated a large right middle cere-
bral artery (MCA) bifurcation aneurysm and suspected 
adhesion with the anterior temporal branch of the 
MCA and inferior trunk of the M2 segment, which was 
actually well matched and helpful during the clipping 
procedure (Fig. 2). Adhesion between the aneurysm and 
adjacent structures is one of the most important consid-
erations in clipping surgery; and by considering the 
possible presence of adhesion, the surgeon lowers the 
risk of hemorrhagic and ischemic complications due to 
aneurysm rupture, kinking or traumatic tearing of near 
arteries.14)22)24)

The 3DPM gave a more precise understanding of the 
direction, size, and width of parent arteries, aneurysms, 
and their correlations during the coiling procedure, 
leading to easier selection, shaping and insertion of the 
microcatheter into the aneurysm, which is reflected 
in the results of the questionnaires completed by the 
surgeons who performed coiling. Microcatheter shaping 
is one of the most important factors for successful 
coiling procedures. However, one possible limitation 
during the procedure is the difficulty of imagining the 
exact 3D structure, direction, and depth of the target 

Table 5. Result of the questionnaire filled out by operators of clipping surgery

No. Question Average point (range)

1 Is the 3D printed model influenced your decision to perform clipping rather than coiling? 2.1 (2−3)

2 Did the simulation model help you to comprehend the shape of the aneurysm? 3.1 (3−4)

3 Did the simulation model help you to comprehend the location of the aneurysm? 2.2 (2−3)

4 Did the simulation model help you to comprehend the direction of the aneurysm? 4.1 (4−5)

5 Did the simulation model help you to comprehend the adjacent arteries of the aneurysm? 4.9 (4−5)

6 Was the 3D printed model useful in approaching to aneurysm? 2.9 (2−3)

7 Was the 3D printed model useful in performing temporary clipping of parent artery? 2.2 (2−3)

8 Was the 3D printed model useful in performing clipping of aneurysm? 3.9 (2−3)

9 Did the simulation model improve your surgical skill? 2.1 (2−3)

10 Is the 3D printed model applicable and useful during procedure? 4.6 (4−5)

1 point: strong negative - 5 point: strong positive 

Table 6. Results of the questionnaires about the price of the service

No. Question
Mean price

Patients Physicians

1 How much do you think is the appropriate fee for the 3D printing service? 44,000 KRW, 36 USD 50,000 KRW, 42 USD

KRW, Korean Won; USD, US dollar 
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vessel and aneurysm using only the images on a two-di-
mensional computer screen.11) Several researchers have 
presented the possibility of using the 3DPM for accurate 
microcatheter design during coiling procedures.11)18) The 
planning and design of the microcatheter shape can be 
performed preoperatively by referring to 3DPM, and it 
was actually successfully matched intraoperatively. In 
most cases, the 3DPM was effective during the surgery 
because it improved the operator’s understanding of 
the morphology of aneurysms and parent arteries. 
However, as shown in the results, both surgical methods 
had low scores on the questionnaire regarding surgical 
skill improvement by 3DPM. Because surgical skill is 
improved with the surgeon’s experiences and train-
ings rather than the understanding of the aneurysm’s 
morphology, the results are presumed to reflect it.

During preoperative consultation, patients showed 
great interest in the simulation model, were more satis-
fied with its application and communication. Actually, 
the level of understanding of the disease and the treat-
ment plan was statistically significantly higher in patients 
in the 3DPM group than in those in the non-3DPM 
group. Kim et al. presented a questionnaire study of 20 
patients who observed the 3DPM while completing the 

informed consent form, and showed that the model 
was useful in preoperative patient consultation and 
doctor–patient communication.13) The study showed a 
remarkable improvement in the level of understanding, 
which was larger than that in our present study. The 
cause of this difference is not definite, but it may be due 
to the difference in information delivery, method and 
communication skills of different participants at another 
institute. However, both studies showed the same result, 
that the 3DPM is fully applicable in preoperative patient 
education and consultation.

In particular, when dividing the enrolled patients into 
younger (age ≤60 years, 8 patients in the 3DPM group 
and 6 in the non-3DPM group) and older (age >60 years) 
groups, older patients had statistically significant improve-
ment in understanding the disease (question no. 1) and 
the treatment plan (question no. 2) when younger 
patients did not (Table 7). Given that a large percentage 
of patients diagnosed with UIAs are elderly and because 
young patients tend to better understand information 
presented on a computer screen, the 3DPM is likely to 
seem more appropriate and useful for older patients.

Additionally, in the current study, the expected cost 
of the 3DPM was determined through questionnaires 

Fig. 2. The 3DPM of a patient with a right MCA bifurcation aneurysm (A), showing a strong correlation with intraoperative microscopic 
findings (B). Adhesion to the inferior trunk of the M2 segment (black arrow) and the anterior temporal branch of the MCA (white arrow). 
3DPM, 3D-printed aneurysm simulation model; MCA, middle cerebral artery

BA
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administered to surgeons, trainees, and patients. The 
process and cost of making each 3DPM were reported 
to them before they completed the questionnaires. The 
average expected cost per 3DPM was 36 USD for patients 
and 42 USD for surgeons and trainees. Although this 
cost may not be the exact cost of the 3DPM, it is truly 
meaningful that patients are willing to pay for the 
service, which can be an important reference for hospi-
tals in terms of medical charge when the service is 
commercialized.

To the best of our knowledge, the present study is the 
largest prospective questionnaire study, involving 40 
patients, 7 neurosurgical residents, and 10 surgeons and 
assistants, that determined the efficacy of 3DPMs in 
different groups of patients undergoing neurosurgery. 
In our results, the 3DPM is applicable and useful for 
patient education and the physician’s understanding of 
surgical clipping and endovascular coiling of UIAs in 
both the preoperative and intraoperative periods.

Our study has several limitations. As our study models 
captured only the vasculature of the target aneurysm, 
they did not reflect the adjacent brain tissue or skeletal 
anatomy. Other researchers have described the use of a 
3D-printed skull and vascular models in the preoper-
ative planning and simulation of an operation, which 
may be more helpful in training young surgeons and 
residents.3)8)12)14)17)19)22) 

CONCLUSIONS

3D printing technology transcends the limitations of 
two-dimensional computer screens, and it is fully appli-
cable in patient education and physician simulations for 

surgical clipping or endovascular coiling of UIAs; the 
models are useful in both the preoperative and intraop-
erative periods. Based on the results of our study, it is 
expected that patient-specific 3DPMs will be increas-
ingly used, enabling significant advances in patients’ and 
physicians’ understanding and treatment of UIAs.
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