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Abstract
To create realistic three-dimensional (3D) vascular models from 3D time-of-flight magnetic resonance angiography (3D-TOF
MRA) of an intracranial aneurysm (IA). Thirty-two IAs in 31 patients were printed using 3D-TOF MRA source images from
polylactic acid (PLA) raw material. Two observers measured the maximum IA diameter at the longest width twice separately. A
total mean of four measurements as well as each observer’s individual average MRA lengths were calculated. After printing, 3D-
printed anatomic models (PAM) underwent computed tomography (CT) acquisition and each observer measured them using the
same algorithm as applied to MRA. Inter- and intra-observer consistency for the MRA and CT measurements were analyzed
using the intraclass correlation coefficient (ICC) and a Bland-Altman plot. The mean maximum aneurysm diameter obtained
from four MRA evaluations was 8.49 mm, whereas it was 8.83 mm according to the CT 3D PAM measurement. The Wilcoxon
test revealed slightly larger mean CT 3D PAM diameters than theMRAmeasurements. The Spearman’s correlation test yielded a
positive correlation between MRA and CT lengths of 3D PAMs. Inter and intra-observer consistency were high in consecutive
MRA and CT measurements. According to Bland-Altman analyses, the aneurysmal dimensions obtained from CTwere higher
for observer 1 and observer 2 (a mean of 0.32 mm and 0.35 mm, respectively) compared to the MRA measurements. CT
dimensions were slightly overestimated compared to MRA measurements of the created models. We believe the discrepancy
may be related to the Laplacian algorithm applied for surface smoothing and the high slice thickness selection that was used.
However, ICC provided high consistency and reproducibility in our cohort. Therefore, it is technically possible to produce 3D
intracranial aneurysm models from 3D-TOF MRA images.
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Introduction

An aneurysm in the arterial circulation of the brain can be
simply defined as a weak-ballooning area with a tendency to
rupture, which is the leading cause of subarachnoid hemor-
rhage (SAH) in adults. Approximately, 1.5–5% of the general

population has or will develop a cerebral aneurysm and 0.5–
3% of individuals with an aneurysmmay suffer from SAH [1].

Digital subtraction angiography (DSA) is the gold standard
for detecting intracerebral aneurysm (IA). Computed tomog-
raphy angiography (CTA) is frequently used because this non-
invasive technique does not require vascular catheterization
and is more easily accessed than DSA [2]. However, ionizing
radiation exposure and administration of iodinated contrast
agents are the main disadvantages of these two diagnostic
modalities. On the other hand, 3D time-of-flight magnetic
resonance angiography (3D-TOF MRA) imaging is a
radiation- and contrast-free imaging technique used for the
screening of IAs.

As another diagnostic adjunct to cross-sectional imaging,
the use of three-dimensional (3D) printing for vascular model-
ing is a rapidly developing technique and vascular outputs are
frequently used in the demonstration of IAs [3–6]. Previous
studies have focused on 3D materialization of 3D-printed
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anatomic models (PAM) derived from CTA or DSA [3–10].
However, 3D vascular modeling for IA provided from 3D-
TOF MRA imaging is a very rare field, and to the best of
our knowledge, has not been fully investigated to date.
Therefore, we investigated the reliability of 3D modeling of
IAs derived from 3D-TOF MRA images by correlating the
maximum aneurysm diameter obtained from MRA images
with thin-section CT examinations of 3D PAMs.

Methods

Patient Selection

In this retrospective study, a total of 40 cases between February
2012 and October 2017 from the Picture Archiving and
Communication System (PACS) with a diagnosis of incidental-
ly diagnosed IAs were enrolled. Patients with low-quality im-
ages due to technical issues (motion artifacts, suspicious aneu-
rysms detected initially with MRA and latterly excluded with
DSA), ruptured aneurysm with accompanying SAH, small an-
eurysms with a maximum threshold size of 3 mm or less and
IAs with a partially thrombosed component were excluded
from the study. Finally, 31 cases that matched the criteria were
selected for further evaluation. The Institutional Ethics
Committee approved this retrospective study and waived the
informed consent requirement (ID: 17-6-19).

Magnetic Resonance Angiography Evaluation

MRA examinations of all cases were performed with a 1.5 T
MR system (Philips Achieva, Philips Medical System,
The Netherlands) in a Sense-Head-8 receiver head coil. A total
average of 140 axial sections in a 3D-TOF MRA sequence
from each case with a cross-sectional thickness of 1.4 mmwas
used to interpret MRA images. The settings were as follows:
repetition time (RT)/echo time (ET), 23/6.9 ms; flip angle,
20°; field of view, 200 mm × 189 mm × 98 mm; matrix,
268 × 178. Images were transferred to Aquarius Workstation
(version 4.4.13; TeraRecon Inc., San Mateo, CA) and evalu-
ated by two separate radiologists experienced in neuroradiol-
ogy. To establish the maximum aneurysm measurement, each
aneurysm was reviewed in three basic orthogonal plains (ax-
ial, sagittal, and coronal; Fig. 1). The section with the maxi-
mum aneurysm diameter was noted, and each reviewer

evaluated the maximum length of an IA twice. Four measure-
ments from each patient were averaged and two mean dimen-
sions from observers 1 and 2 were calculated separately.

Data Extraction and Segmentation

The thresholding method was used for segmentation to con-
vert the grayscale images into binary data. The value of each
pixel was calculated using the following formula:

g x; yð Þ ¼
n
1; f x;yð Þ≥T
0; f x;yð Þ<T

The new value for pixels that exceeded the threshold value
of T was set to 1, whereas the value for pixels below this
threshold was set to 0. Digital Imaging and Communications
in Medicine (DICOM) images were transferred to a personal
computer running 3D Slicer (version 4.5.0-1 r24735,
Windows 10/64-bit OS) image processing software. To seg-
ment aneurysms, semi-automatic thresholding was applied
firstly to the image under analysis to help distinguish the an-
eurysms from the periphery of the vessel and background
noise. Any pixel with an intensity value above the threshold
acquired the maximum intensity while any pixel with an in-
tensity value below the threshold was set to zero intensity.

The threshold was set iteratively until the best compromise
was obtained between maximizing the vessel of aneurysms
visible, while minimizing the retention of background noise.
Within 3D Slicer, a threshold value was applied to each slice
image and adjusted until the elimination of noise was deemed
satisfactory by the user. The aneurysms remaining on each
resulting image were then manually traced to segment the an-
eurysms from the vessel periphery signal. 3D Slicer then
stacked the slices of traced aneurysms, forming the 3D vessel
rendering. DICOM files were converted into stereolithographic
files and *.stl files were obtained subsequently. Then, each
digital model was edited to repair the artifacts in the polygonal
structures and rendered (Fig. 2a) [11–13].

Surface Extraction and Model Processing

The final digital models consisted of a 3D mesh made up of
thousands of polygons. Automatic smoothing was applied to
the digital surface models to reduce the number of polygons
using the Laplacian algorithm. The digital models were seg-
mented, smoothed, and printed by anatomists experienced in

Fig. 1 a–c 3D TOF MRI of a 74-
year-old-man with saccular intra-
cerebral aneurysm arising from
terminal ICA is depicted. Axial
(a), sagittal (b), and coronal (c)
images (arrows) show aneurys-
mal outpouching
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3D model materialization. For this, automatic smoothing soft-
ware (ZBrush; Pixologic Inc. version 4R7 P3 473.32,
Windows 10/64-bit OS) was used (Fig. 2b). Each process took
approximately 2–3 min to complete.

Once the models were rendered free of errors, the data were
reconverted into a *.stl format. Then, mesh editing was ap-
plied to the extracted surface models to obtain a realistic ap-
pearance resembling that of the 3D-TOF MRI scans.

3D Printing

After segmentation and model processing, the 3D
models with the *.stl format were converted into G-
code for 3D printing. Physical outputs of the processed
3D digital models were created using a 3D printer
(Pharaoh XD printer, Mass Portal, Riga, Latvia) using
polylactic acid (PLA) as the raw material. The solid 3D
PAMs were printed resting on a support floor made of
PLA and were structurally similar to that of the circle
of Willis but without any skull bone (Fig. 3).

3D-Printed Anatomic Model Evaluation
with Computed Tomography

After obtaining the hardcopy vessel models, each PAM
was scanned by a 64-slice CT scanner (Aquillon 64,
Toshiba Medical Systems, Tokyo, Japan) with a section
thickness of 0.5 mm. Images were transferred to a
workstation to enable 3D post-processing and multi-
planar reformatting (Fig. 4). Each PAM was evaluated
by the same two observers using the same algorithm as
applied to MRA evaluation. The orthogonal plane in
which the maximum aneurysm size was captured by
MRA evaluation was also applied to the PAM CT eval-
uation to enable full compliance between the MRA and
CT measurements.

Statistical Analyses

Histogram analyses and Shapiro-Wilk’s tests were used to
determine the distribution of the variables. A student’s t test
was used to compare ages between sexes. To compare the
MRA and CT measurement averages, a Wilcoxon test was
utilized. Spearman correlation analyses were used to deter-
mine the relationship between the mean MRA lengths and
the mean CT diameters. Inter-class correlation coefficients
(ICCs) were calculated for each observer to ensure consisten-
cy in consecutive MRA and CT measurements. Intra-class
correlation coefficients were determined to ensure agreement
between the observers. Bland-Altman analyses were per-
formed to determine the coherence between the CT and
MRA measurements for each of the observers and confidence
intervals (CIs). The level of significance was taken as

Fig. 3 Photographic image of 3D-printed anatomic model (arrow) cre-
ated from polylactic acid raw material

Fig. 2 a, b Image shows segmentation and data extraction process (pre-smoothing) from 3D TOF MRA data set with 3D Slicer software (a). Image
depicts surface extraction and model processing (post-smoothing) of digital model via Z Brush software (b)
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p < 0.05. Statistical analyses were performed using statistical
software (Statistical Package for Social Sciences, version
20.0, SPSS Inc., Chicago, IL, USA and MedCalc software,
version 18.0 MedCalc, Ostend, Belgium).

Results

A total of 31 patients (21 females and 10 males) diagnosed
with IA were included in the study group (mean age ± SD,
63.8 ± 10.2). The mean age ± SD and the origins of the IAs are
shown in Table 1. There were no statistically significant dif-
ferences in terms of age between the two sexes (p = 0.750).
Whole aneurysms were from the anterior circulation and pre-
dominantly originated from the MCA (50%) (Table 1).
Because one case in the study group had both an aneurysm
in the internal carotid artery (ICA) and the middle cerebral
artery (MCA) concurrently, a total of 32 aneurysms were
analyzed.

Fig. 4 a–d CT scan of the model is shown in axial (a), sagittal (b), coronal (c), and 3D reconstruction (d) images

Table 1 Descriptive properties and mean intracranial aneurysm
measurements of the cohort

Age Mean ± std

Male 63.0 ± 12.3

Female 64.3 ± 9.4

Location of aneurysm % (n)

Middle cerebral artery 50 (16)

Internal carotid artery 21.8 (7)

Anterior communicating artery 18.7 (6)

Anterior cerebral artery 9.4 (3)

MRA measurement Mean ± std

Observer 1 8.49 ± 3.51

Observer 2 8.49 ± 3.48

CT measurement Mean ± std

Observer 1 8.81 ± 3.38

Observer 2 8.84 ± 3.37
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The mean maximum aneurysm diameter obtained from
four MRA evaluations was 8.49 ± 3.49 mm and the average
of four CTmeasurements was 8.83 ± 3.38 mm. TheWilcoxon
test revealed that the CT sizes of the 3D PAMs were larger
than theMRA (p = 0.030, z = − 2.169). However, according to
the Spearman correlation analyses, there was a positive corre-
lation between the groups (Spearman’s Rho correlation coef-
ficient 0.912, p < 0.001).

Both mean dimensions calculated for the MRA and CT
evaluations from observer 1 and observer 2 are shown in
Table 1 (Fig. 5). The CT measurements were higher than the
MRA measurements according to Bland-Altman analyses
(Fig. 6). Observer 1 and observer 2 over-estimated with an
average value of 0.32 mm (95%CI [− 1.20–1.84]) and
0.35 mm (95%CI [− 1.26–1.96]), respectively.

Inter- and intra-class correlation tests yielded a high degree
of agreement in the measurements. In the consecutive MRA
and CT maximum aneurysmal diameter evaluations, observer
1 and 2 results were statistically close and correlated (observer
1, MRA ICC 0.999; p < 0.001, CT ICC 0.999; p < 0.001 and

observer 2, MRA 0.999 p < 0.001, CT ICC 1.000 p < 0.001).
Similarly, there was also a high degree of agreement between
the MRA and CT measurement averages between the two
observers (ICC 1.000; p < 0.001).

Discussion

The most important novelties of the current study when com-
pared to previous similar works are our attempt to utilize 3D-
TOF MRI images in 3D PAM materialization for IAs that do
not require contrast media or ionizing radiation and relatively
higher number of IAs that we enrolled.

The use of three-dimensional vascular designs in the field
of medicine are increasing not only because they constitute
practical haptic educational objects for medical students as
well as postgraduates, but also due to their potential to yield
preprocedural simulation platforms for surgeons and/or inter-
ventional radiologists. In this study, we aimed to produce tac-
tile IAmodels using 3D-TOFMRI source images. In addition,

Fig. 5 a, bGraphic demonstrates intracranial aneurysmMRA averages of observers 1 and 2 for two consecutive measurements (a). Graphic reveals CT
diameter means of 3D-printed anatomical model averaged by observers 1 and 2 for two serial measurements (b)

Fig. 6 a, b Bland-Altman plots of
the mean differences between CT
and MRA diameter means of 3D-
printed anatomical models aver-
aged by observer 1 (a) and ob-
server 2 (b)
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after rescanning of the 3D PAMs with CT, we sought inter-
and intra-observer consistency with ICC and Bland-Altman
plot via comparingmaximal measurement of each IA obtained
from CT and MRI. According to our results, despite CT di-
mensions of materialized IAs were slightly over estimated
(roughly one-third of a millimeter) regarding MRI, they
showed high inter- and intra-observer correlation.

Rupture of an IA is the most frequent risk factor for non-
traumatic SAH. Therefore, diagnosis and screening are criti-
cal, particularly in a high-risk population [14]. MRA and CTA
are the usual diagnostic tests in first-line screening for IA
[15–17]. Based on the MRA or CTA results, suspicious find-
ings or evident IAs are further evaluated with DSA, which is
the gold standard method due to its diagnostic superiority; it
may also permit a therapeutic approach, particularly for inter-
ventional radiologists [15–18]. Compared to conventional im-
aging modalities, we primarily aimed to produce realistic IA
models from 3D-TOF MRA images.

3D-TOF MRA is a noninvasive diagnostic method that can
be performed on outpatients to detect IAwithout ionizing radi-
ation and catheter-related complications. However, it has some
disadvantages over CTA and DSA. 3D-TOF MRA is suscepti-
ble to motion artifacts and has lower diagnostic accuracy in
acute ruptured IA with accompanying SAH [19]. In addition,
its sensitivity is low, particularly for small aneurysms that are
below or equal to the threshold level of 3 mm [20]. Therefore,
in the current study, we did not include cases with low-quality
images that had resulted frommotion artifacts and ruptured IAs.
We also excluded cases with small IAs. The smallest recorded
IA based on 3D-TOFMRAmeasurements was 4.21 mm in the
current cohort. After eliminating all of the limitations that are
inherent to 3D-TOFMRA imaging, we conclude that it is tech-
nically possible to obtain reliable 3D vascular models for IA
from optimally obtained 3D-TOF MRA images.

Torres et al. [21] used 3D-printed models derived from
CTA scans for endovascular aneurysm repair (EVAR) and
found that patient-specific training prior to EVAR improved
surgical performance and increased self-confidence during
surgery residencies. Shibata et al. [22] also used 3D modeling
in 15 visceral aneurysms and found that the sizes and shapes
of the 3D-printed hollow visceral aneurysm models created
from CTA data were accurate and compatible. Both of these
studies required ionizing radiation and iodinated contrast me-
dia as part of the CTA examination. In the current study, we
successfully created consistent 3D PAMs from 3D-TOFMRA
examinations without contrast media administration and with-
out the added risk of exposure to ionizing radiation.

Wurm et al. [4] created 3D PAMs from different raw mate-
rials of the skull and cerebral vessels to simulate a real aneu-
rysm from DSA images. They did not clearly indicate the num-
ber of cases they enrolled in the study but did conclude that the
models could be used to predict the vascular anatomy to opti-
mize the surgical intervention and were also useful for

advanced procedural competency training. Similarly, Kim
et al. [5] created 3D hollow aneurysm models of three retro-
spective and eight prospective cases from CTA images. Their
findings showed that the hollow 3D models could be used to
simulate clipping preoperatively and that the aneurysms could
be confidently treated during live surgery. Wang et al. [23]
printed eight MCAs, including the skull base, which were de-
rived from CTA images. Their results were consistent with
previous studies and they recommended the use of 3D PAMs,
particularly for junior neurosurgeons, to show the structure of
the aneurysm and to choose the appropriate clips to use before
surgery. We included more cases in our study than the number
used in previous studies on 3D modeling for IAs. Moreover,
our study represents the first attempt to create 3D PAMs from
3D-TOF MRA source images that are free of radiation and
contrast material.

We found that the maximum average CT lengths of the 3D
PAMs were slightly greater than those of MRA according to
Wilcoxon tests (p = 0.030). We believe the discrepancy is due
to the post-processing of DICOM images. During surface
smoothing of each IA, irregularities on the outer surfaces were
edited using dedicated software and the Laplacian algorithm
[24, 25]. The Laplacian algorithm is used to reduce the number
of polygons via automatic smoothing that corrects the triangular
surface mesh. This algorithm changes the position of the nodes
without changing the network topology. In the Laplacian
smoothing process, each corner moves to a new position that
is defined by the average position of its neighbors. Therefore,
we speculate that this algorithmmay have resulted in the slight-
ly enlarged appearance of the processed DICOM images.
Another explanation could be related to slice thickness selection
of the 3D-TOF MRI images in our cohort. George et al. [26]
suggested a slice thickness of 0.5–1.0 mm for optimal 3D print-
ing of small vessels such as cerebral vessels and coronary ar-
teries derived from CTor MR. However, we used an axial slice
thickness of 1.4 mm. A thinner slice selection could possibly
lead to a tighter correlation between the MRA measurements
and the CT diameters of the 3D PAMs.

Our study had some limitations. First, we measured MRA-
derived 3D PAMs using a CT diagnostic modality. However,
Kim et al. [27] demonstrated no noticeable differences be-
tween intra- and inter-observer variability for both CTA- and
MRA-based measurements of the size of cerebral aneurysms
and therefore this limitation does not compromise the validity
of our findings. Second, we were not able to print vascular
PAMs including the bony structures. This limitation arises
from the software processing of the DICOM images.
Because the base of the skull and the bony cranium were far
below the software threshold values for 3D-TOF MRA, they
were automatically removed from the 3D PAMs, resulting in a
model that resembled the circle of Willis. Third, the slick
thickness selected in our study may have contributed to the
size over-estimation. Because the majority of our cohort was
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treated either surgically or endovascularly after detection of
the IA, we were unable to recall them for a repeat 3D-TOF
MRI using a thinner slice option. Finally, we were not able to
evaluate aneurysms from the posterior circulation because we
did not encounter any in our cohort during the PACS screen-
ing. More extensive studies with 3D PAMs produced from the
posterior circulation will provide more complete data for
vertebrobasilar system aneurysms in the future.

In conclusion, although 3D PAM dimensions measured
using CT are slightly overestimated compared to MRA due to
several technical factors, the maximum aneurysm dimensions
show good intra- and inter-observer correlation. The signifi-
cance of these statistical analyses is pointing out that 3D-
printed IAs derived from 3D-TOF MRI images reflect the an-
eurysm size intimately. Therefore, they may be used as educa-
tional objects as well as patient-specific training simulation ma-
terials by neurosurgeons and interventional neuroradiologists.
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