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An Efficient Method for Aneurysm Volume Quantification
Applicable in Any Shape and Modalities
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Objective : Aneurysm volume quantification (AVQ) using the equation of ellipsoid volume is widely used although it is inaccurate.
Furthermore, AVQ with 3-dimensional (3D) rendered data has limitations in general use. A novel universal method for AVQ is
introduced for any diagnostic modality and application to any shape of aneurysms.

Methods : Relevant AVQ studies published from January 1997 to June 2019 were identified to determine common methods
of AVQ. The basic idea is to eliminate the normal artery volume from 3D model with the aneurysm. After Digital Imaging and
Communications in Medicine (DICOM) data is converted and exported to stereolithography (STL) file format, the 3D STL model is
modified to remove the aneurysm and the volume difference between the 3D model with/without the aneurysm is defined as the
aneurysm volume. Fifty randomly selected aneurysms from DICOM database were used to validate the different AVQ methods.

Results : We reviewed and categorized AVQ methods in 121 studies. Approximately 60% used the ellipsoid method, while 24%
used the 3D model. For 50 randomly selected aneurysms, volumes were measured using 3D Slicer, RadiAnt, and ellipsoid method.
Using 3D Slicer as the reference, the ratios of mean difference to mean volume obtained by RadiAnt and ellipsoid method were
-1.21+£7.46% and 4.04+30.54%, respectively. The deviations between RadiAnt and 3D Slicer were small despite of aneurysm shapes,
but those of ellipsoid method and 3D Slicer were large.

Conclusion : In spite of inaccuracy, ellipsoid method is still mostly used. We propose a novel universal method for AVQ that is valid,
low cost, and easy to use.
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INTRODUCTION

The coil volume embolization ratio (VER) was first intro-
duced in 1997 by Satoh et al.””’. The authors considered an an-
eurysm as an ellipsoid and used the mathematical equation
for ellipsoid volume to calculate aneurysm volume. However,
this method of aneurysm volume quantification (AVQ) may

contain errors and is not compatible for use with irregularly

shaped or fusiform aneurysms™*”. Nonetheless, it has been
widely used in studies and applied to commercial software for
calculating coil packing density. Other AVQ methods have
been introduced and improved upon with 3-dimensional (3D)
angiographic data, but these also have limitations related to
imaging modality, angiography equipment (workstations),
2,5,6,8,9,23,26)

. Therefore, the

applicability of these methods to clinical use and research is

and the particular software utilized
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also somewhat limited. In order to overcome these problems,
we introduce a novel universal method for AVQ that can be
used with any diagnostic modality and is applicable to any

aneurysm shape.

MATERIALS AND METHODS

This retrospective study was approved by the Institutional
Review Board of Dankook University Hospital (2020-07-017)
before data collection began. Because of the retrospective de-
sign of the study the patient consent for this study was waived

by the Institutional Review Board.

Literature review

The PubMed database was searched using the keywords
“VER”, “packing density”, and “aneurysm volume” to identify
relevant AVQ studies published between January 1997 and
June 2019. Each study was reviewed and categorized according
to AVQ method and year of publication. When the method
was not clearly described, we followed the reference cited in
the manuscript’s definition of aneurysm volume. Based on
our review, we established the following AVQ categories :
2-dimensional (2D) assessment, ellipsoid method, AngioCalc
and AngioSuite, Workstation, commercial software, and
phantom. The 2D assessment category includes non-quantita-
tive methods that use plain radiographic images such as the
Raymond-Roy occlusion classification™. The ellipsoid meth-
od uses the mathematical equation for ellipsoid volume. The
AngioCalc and Angiosuite category is comprised of the web-
based and mobile device applications AngioCalc and Angio-
Suite Neuro Edition, respectively. In brief, they each use the
ellipsoid method and automatically calculate coil volume and
VER. Workstation is software provided for angiography suite
equipment. The commercial software category is comprised
of various types of mathematical, computer-aided design
(CAD), and computational fluid dynamics (CFD) software.
The phantom category is comprised of experimental methods
that use phantom models for AVQ.

Definition of aneurysm volume
Aneurysm volume is usually defined as the volume of the
outpouching abnormal vascular lesion above the aneurysm

neck as in Fig. 1A. However, determination of the aneurysm
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Fig. 1. Aneurysm volume of saccular and fusiform aneurysm. A :
Classically, aneurysm volume can be defined as an outpouching lesion
above the aneurysm neck in the saccular aneurysm. B : However,
aneurysm neck may be frustrating in the fusiform aneurysm. Cand D :
Therefore, in this paper, the aneurysm volume is defined as the volume
of the remaining part after removing the artery component.

neck is rather complicated in fusiform aneurysms and appli-
cation of the same volume definition to both saccular and fu-
siform aneurysms may not apply (Fig. 1B). For this study, we
defined aneurysm volume as the remnant volume after re-
moving the normal arterial component, which can be applied
to aneurysms of any shape or type (Fig. 1C and D). The data of
50 randomly selected aneurysms from our 3D digital subtrac-
tion angiography (DSA) Digital Imaging and Communica-
tions in Medicine (DICOM) database which were collected
from March 2018 to June 2019 were used to compare and vali-
date the different AVQ methods.

Aneurysm volume measurement

The basic idea of our novel universal 3D AVQ method is to
differentiate the normal artery volume from the aneurysm
prior to volume measurement (Fig. 2). Three steps are involved :
data conversion, 3D model modification, and aneurysm vol-

ume measurement (Supplementary Video 1).

Conversion of DICOM data to a 3D model and model post-
processing

Open-source 3D Slicer software, version 4.10.2 (http://
www.slicer.org) and RadiAnt DICOM viewer software, ver-
sion 5.0.0 (http://www.radiantviewer.com; Medixant, Poznaf,
Poland) were used to convert DICOM data into a 3D model'.
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Clinical data
(DICOM data)
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Fig. 2. The basic concept of the proposed novel aneurysm volume
quantification method. Digital Imaging and Communications in
Medicine data is converted to the 3-dimensional (3D) model and
exported to a 3D STL file format. This 3D to stereolithography (STL)
model is modified to reach the normal vasculature. The volume
difference between 3D STL model with/without the aneurysm is defined
as the aneurysm volume.

We then compared the 3D Slicer, RadiAnt, and ellipsoid AVQ
methods using the 50 aneurysms from our DICOM database.
In 3D Slicer, the vasculature was isolated by modifying the
threshold tool. The threshold level was adjusted until the ma-
jor cerebral blood vessels showed clear and distinct margins
on axial, sagittal, and coronal images. After rendering the vas-
cular 3D model, it was exported in stereolithography (STL)
file format. In RadiAnt, the 3D model was generated with the
3D volume rendering tool, adjusted by controlling the window
level, and also exported in STL file format. The segmentation
of 3D models can be done in current step using 3D slicer and
RadiAnt. But it can also be done in the next step, which is 3D
STL model modification.

3D STL model modification

Once STL files were exported, the 3D STL model was
opened with Meshmixer software, version 3.5 (http://www.
meshmixer.com; Autodesk, Inc., San Rafael, CA, USA). The
aneurysm was digitally removed and converted to a normal

arterial vascular feature by applying the edit and sculpt tool.
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During the modification of a STL file, it is important not to
make any modification of any other vessel components. Two
3D models of each patient were generated, one which included
the aneurysm and one which excluded it and contained digi-

tally reconstructed normal vasculature in its place.

Aneurysm volume measurement

The volumes of the two 3D models were measured with
open-source Meshlab software, version 2016 (Visual Comput-
ing Lab, ISTI - CNR, Pisa, Italy). The difference between the

two volumes was defined as the aneurysm volume.

Aneurysm morphology parameters and the clas-
sical ellipsoid method for AVQ
Aneurysm height, neck size, and aspect ratio were measured
as described by Dhar et al.”. The classical aneurysm volume
measurement method that considers the aneurysm as an el-
lipsoid (ellipsoid method) was followed as described by Satoh
etal”.
4

Aneurysm Volume = 3T (

height  length width )
2 2 2

Statistical analysis

Statistical analysis was performed with SPSS software, ver-
sion 25 (IBM, Inc., Armonk, NY, USA). Descriptive statistics
of aneurysmal morphologic parameters are presented as
meanststandard deviation (SD). The agreement between
AVQ methods was assessed with Bland-Altman plots using a
10% difference limit of acceptability with 3D Slicer data as the
reference value™®. Difference ratios in the Bland-Altman plots
were converted to percentile values. AVQ methods were com-
pared using the paired t-test. p<0.05 was considered signifi-
cant. As the ellipsoid method is not applicable to fusiform an-
eurysms, data of four cases of fusiform aneurysms were
discarded in comparing the intermethod agreement through
the Bland-Altman plot.

RESULTS

The PubMed literature search identified 215 studies pub-
lished between January 1997 and June 2019; 95 were not rele-
vant for the purposes of this investigation and therefore ex-

cluded. Finally, 120 studies were reviewed and classified.
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Fig. 3. The trend of aneurysm volume quantification (AVQ) methods. The ellipsoid method is still a major AVQ method although its limitations
(approximately 60%). AVQ method using the 3-dimensional model does not exceed one third in 5 year basis. N/A : not applicable.

Although AngioCalc and AngioSuite provide an interface by
which users can manually input aneurysm volume, they cal-
culate AVQ based on the ellipsoid method, as do several other
AVQ methods. Hence, approximately 60% of all studies in-
cluded in this investigation used the ellipsoid method; addi-
tionally, approximately 9% of the studies used 2D assessment
and 25% used a 3D model, which does not exceed one third
on a 5-year basis (Fig. 3 and Supplementary Data 1).

Volume of the 50 aneurysms randomly selected from our
DICOM database were measured using 3D Slicer, Radiant DI-
COM viewer, and the ellipsoid method. Forty-six sacular an-
eurysms were included in comparison analysis of intermethod
agreement; 16 of these were lobulated. The remaining four an-
eurysms were fusiform. Mean maximal aneurysm diameter
and diameter of the aneurysm neck were approximately 6 mm
and 4 mm, respectively. Using 3D Slicer as a reference, the ra-
tio of mean difference to mean volume obtained using Radi-
Ant and the ellipsoid method were -1.21£7.46% and 4.04%
30.54%, respectively. Although the methods were used with
aneurysms of many different shapes and configurations, the
SDs in RadiAnt and 3D Slicer were very close. When compar-
ing the ellipsoid method to 3D Slicer, the SD difference be-
tween methods increased in lobulated and fusiform aneu-

rysms compared to non-lobulated aneurysms. The ratio of

volume difference less than 10% between RadiAnt to 3D Slic-
er is almost twice of Ellipsoid method to 3D Slicer (Table 1).
This implies that intermethod agreement is higher between
RadiAnt and 3D Slicer than the ellipsoid method and 3D Slic-
er.

The Bland-Altman plots demonstrate the degree of agree-
ment among the AVQ methods using 3D Slicer as the refer-
ence. The RadiAnt-3D Slicer plot shows that most mean vol-
ume differences were under 10%. The difference in SD
between RadiAnt and 3D Slicer was less than the difference
between the ellipsoid method and 3D Slicer (Fig. 4). Note that
the SD of RadiAnt and 3D Slicer is within 10% of mean vol-
ume difference while the SD of the ellipsoid method and 3D
Slicer is beyond 10% of mean volume difference. In the sub-
analysis based on aneurysm shape, the SD difference between
RadiAnt and 3D Slicer was small. However, when comparing
the difference between the ellipsoid method and 3D Slicer, SD
tended to be larger in lobulated and fusiform aneurysms
(Fig. 5). The SD of RadiAnt and 3D Slicer is within 10% of
mean volume difference while the SD of the ellipsoid method
and 3D Slicer is beyond 10% of mean volume difference in
both saccular and irregular shape of the aneurysm. Additional
Bland-Altman plot of four cases of fusiform aneurysms is also

demonstrated in Fig. 5.
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Table 1. Aneurysm morphologic parameters of 50 randomly selected aneurysms and statistical results

clll-\:r?:tzyr?:t‘ic 3Dslicer RadiAnt Ellipsoid method
Maximal diameter (mm), overall 6.03£2.11
Aneurysm neck (mm), overall 4.04+1.72
Aspect ratio, overall 1.22+0.54
Volume (mm’)
Overall (50) 88.14+96.91 90.35+100.64 88.43+106.00
Saccular (46) Non-lobulated (30) 69.38+74.22 719547736 68.27+79.90
Lobulated (16) 12745+129.24 130.99+134.96 127.66+144.99
Fusiform (4) 71.63+67.24 65.82+5942 N/A
Mean volume difference ratio (%)
Overall (50) Reference -1.81+713 5.80+30.22
Saccular (46) Non-lobulated (30) Reference -255+723 49141760
Lobulated (16) Reference -042 +697 747+46.23
Fusiform (4) Reference 568 £8.82 N/A
Mean volume difference within 10%
Overall (50) Reference 78% 38%
Saccular (46) Non-lobulated (30) Reference 73% 40%
Lobulated (16) Reference 94% 38%
Fusiform (4) Reference 50% N/A

Values are presented as mean+standard deviation or number. Statistical analysis of aneurysm morphologic parameters of 50 randomly selected
aneurysms and statistical results. Note that the degree of agreement between 3D slicer and RadiAnt is higher than that of 3D slicer and ellipsoid

method. 3D : 3-dimensional, N/A : not applicable
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Fig. 4. A and B : Bland-Altman plots of RadiAnt-3-dimensional (3D) slicer and ellipsoid method-3D slicer. Standard deviation in Bland-Altman plots of
RadiAnt-3D slicer is within 10% of mean volume difference while standard deviation in Bland-Altman plots of ellipsoid method-3D slicer is beyond 10%

of mean volume difference. Red line : 10% volume difference reference line,
difference to mean volume in percentile.

DISCUSSION

The concept of VER was introduced to represent the vol-

ume of embolized material (e.g., coils) versus aneurysm vol-
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Black broken line : standard deviation, Blue broken line : mean volume

ume. Although the term “packing density” is also widely used
to represent the same concept, it refers to radiographic opacity
inside an aneurysm visualized on 2D plain angiography. The

widely used Raymond-Roy classification is based upon this
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Fig. 5. Comparison of Bland-Altman plots by different aneurysm shapes. The standard deviation in Bland-Altman plots of RadiAnt-3-dimensional (3D)
slicer is within 10% of mean volume difference in both non-lobulated and lobulated aneurysm shape (A and C). On the contrary, the standard deviation
in Bland-Altman plots of ellipsoid method-3D slicer is beyond 10% of mean volume difference (B and D). Bland-Altman plots of RadiAnt-3D slicer in
fusiform aneurysm is also demonstrated to show that current aneurysm volume quantification method is also applicable in fusiform aneurysm (E). Red
line : reference line of 10% volume difference, Black broken line : standard deviation, Blue broken line : mean volume difference to mean volume in

percentile.

concept™******_ It is relatively easy to calculate coil volume by
assuming the coil as a cylinder. Traditionally, AVQ has been
calculated by considering the aneurysm as an ellipsoid®”.
However, the accuracy of this method has been questioned
and debated”**. Many authors have pointed out that the el-

lipsoid method may underestimate or miscalculate the vol-
ume, particularly in wide-neck and lobulated aneurysms.
Nevertheless, it has been widely used due to its simplicity. Low
VER and remnant volume have been associated with aneu-

. . . 16,17,22,25,28,33
rysm recurrence in previous studies 2839 Although
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many studies have been mentioning VER, the majority still
use the ellipsoid method for AVQ (Fig. 3 and Supplementary
Data 1). To achieve better accuracy, a method using 3D ren-
dered data for AVQQ has been recommended.

There are several issues to point out regarding determina-
tion of aneurysm volume. First, aneurysm volume can only be
measured indirectly; it cannot be measured directly in vivo.
Therefore, DICOM data must be used to determine aneurysm
volume. However, different imaging modalities and patient
condition (e.g., blood pressure, pulse, etc.) may affect the indi-
rect measurement of aneurysm volume. Second, aneurysm
volume is usually defined as the volume of the abnormal out-
pouching vascular lesion above the aneurysm neck. However,
in fusiform aneurysms, determination of the aneurysm neck
is rather complicated, and applying the same definition of vol-
ume to both saccular and fusiform aneurysms is rather difti-
cult. Therefore, we elected to define aneurysm volume as the
remnant volume after removing the normal arterial volume.
This definition can be applied to aneurysms of any shape.

A universal method for AVQ should fulfill several condi-
tions. First, it should have a low barrier to entry for general
use; the method should be easy to apply and interpret and cost
little. Second, it should be able to be performed expeditiously;
if it requires >30 minutes to calculate, the method may not be
accepted for widespread use. Third, it should be able to be
used with various imaging modalities, such as computed to-
mography angiography (CTA), magnetic resonance angiogra-
phy (MRA), and DSA. Finally, the method should be accurate
and reproducible and able to be used for any aneurysm shape
or type.

For the universal AVQ method proposed here, the first step
is to convert DICOM data into a 3D model. Since 3D Slicer

has been commonly used in various medical and bioengineer-
ing fields, we elected to use it as the reference method"""'****"
Although 3D Slicer has been previously used to define cere-
bral vascular anatomy and obtain vascular parameters, to our
knowledge, it has not been used to measure aneurysm vol-
ume"" """ After the 3D model is generated in 3D Slicer, it is
possible to measure the aneurysm volume by segmentation.
The segmentation process in 3D Slicer is easily implemented
for saccular aneurysms, but not for fusiform aneurysms or
aneurysms of a curved vessel. Therefore, we exported the 3D
model in STL file format and sculped it with Meshmixer, soft-
ware which was designed for 3D printing of STL files. Since
Meshmixer provides various tools to edit 3D STL files, it can
be used for aneurysms of any shape. However, volume cannot
be measured with Meshmixer; this was accomplished using
Meshlab. Although three separate programs are required, all
are free or open-source software available on the internet.

During the conduction of this study, we found a consider-
able learning curve with using 3D Slicer : a 3D STL model
could be generated in <3 minutes by experienced users but
beginners required almost 40. However, RadiAnt can also ex-
port 3D rendered data in STL file format. Its interface is very
intuitive and easy to learn and it requires fewer processing
steps: experienced users and beginners alike required <5 min-
utes to generate a 3D STL model. We validated high inter-
method agreement between 3D Slicer and RadiAnt. In addi-
tion, both 3D Slicer and RadiAnt support various imaging
modalities including CTA, MRA, and 3D DSA. Pros and cons
of each software and AVQs are presented in Table 2.

The Bland-Altman plot shows the SD of volume difference
in AVQ methods performed with 3D STL models in within

10% of mean volume difference which represent a high degree

Table 2. Comparison of pricing, difficulty and available function between software and aneurysm volume quantification method

3D Slicer RaniAnt  MeshMixer MeshLab Workstation Ansys CAD Elib=cld
system software method
Pricing Opensource  Up to 110$* Free Open source High High High Free
Overall level of difficulty Medium Low Low to Low High High High Low
medium
Segmentation difficulty Medium Low Low to Low Medium High High Low
medium
Volume measurement Available  Not available Not available  Available Available Available Available Available
Accuracy High High High High High High High Low

*Free trial version and various subscription plan is provided. 3D : 3-dimensional, CAD : computer-aided design
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of intermethod agreement (Figs. 4 and 5). The specific soft-
ware used to convert DICOM data into a 3D STL model does
not appear to affect the result, even in aneurysms of various
shapes, because the DICOM data itself functions as a repre-
sentative depiction of the vasculature. However, the ellipsoid
method showed a lower degree of agreement than 3D STL
which the SD is beyond 10% of mean volume difference which
represents the result of low intermethod agreement (Figs. 4
and 5). The intermethod agreement was even worse in multi-
lobulated and fusiform aneurysms (Fig. 5). This indicates that
AVQ with a 3D STL model is more reliable in any type of an-
eurysm than the ellipsoid method. Therefore, AVQ using a 3D
STL model has the potential to become a universal method in
future studies investigating the correlation between aneurysm
recurrence and VER.

We encountered a similar AVQ idea in a study by Costalat
et al.” The authors used software that automatically calculates
the erased volume from a 3D rendered model: the aneurysm is
erased until a normal artery form is reached. Although this
resembles the basic concept of previous studies, their study
was the only one using this method according to our PubMed
search. The reproducibility and accuracy of the method in
Costalat et al.” were high, but its use would be limited as it re-
quires special proprietary software. Although most angiogra-
phy suite workstations provide various methods of AVQ, if the
aneurysm is fusiform or contains multiple lobes, it may not be
accurately detected. In addition, CAD and CFD software have
also been used for AVQ, but their high cost and level of skill
required heighten the entry barrier for widespread general use
(Table 2).

An additional advantage of using our proposed novel AVQ
method is derived from the data conversion process which ex-
ports vasculature data into a 3D STL model. This STL file for-
mat was developed by 3D Systems (Rock Hill, SC, USA) to
store 3D geographic data in the 1980s and has been used in
various fields including CAD and 3D printing. Therefore, a
3D STL model can be exported to CFD software to investigate
intravascular fluid dynamics and to 3D printing software to
generate phantom models. Use of this novel AVQ method may
lead to improved understanding of aneurysmal fluid dynam-
ics and inspire new clinical and scientific advancement.

Recently, the interest in endovascular treatment of intracra-
nial aneurysm has shifted to flow diverters. For this reason,

the interest of VER in endovascular coiling seems to be de-

Universal Aneurysm Volume Measurement | Chung J, et al.

creased. However, aneurysm coiling is still the mainstream in
endovascular treatment and VER is a crucial factor in recur-
rence of coiled aneurysm. For objective calculation of VER,
reasonable method for AVQ is essential. Furthermore, to un-
derstand the nature of the aneurysm and endovascular coil-
ing, quantification and interpretation of the aneurysm and
surrounding vascular anatomy is crucial, especially in the era
of CFD. Therefore, we assure that refining the definition of
the aneurysm and developing an AVQ for various shapes of
aneurysms can give us more information in understanding

the nature of intracranial aneurysms.

CONCLUSION

Even in the era of 3D angiography, most clinical and scien-
tific studies still rely on the ellipsoid method for AVQ despite
its problems with accuracy and incompatibility for use with
fusiform and irregularly shaped aneurysms. To overcome
these problems, we propose a novel universal method for AVQ
that utilizes user-friendly open source 3D STL model editing
software that is available on the internet. We believe this novel
method will be helpful in clinical practice and in future scien-

tific studies.
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