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The present study describes a new approach for aneurysm volume quantification on three-dimensional
angiograms, which focuses on solving three common technical problems: the variability associated
with the use of manual thresholds, the irregular morphology of some aneurysms, and the impreci-
sion of the limits between the parent artery and the aneurysm sac. The method consists of combining
an algorithm for automatic threshold determination with a spherical eraser tool that allows the user

ieywords" to separate the image of the aneurysm from the parent artery. The accuracy of volumetry after auto-
Vgﬁ;]r;fm matic thresholding was verified with an in vitro experiment in which 57 measurements were performed
Angiography using four artificial aneurysms of known volume. The reliability of the method was compared to that

obtained with the technique of ellipsoid approximation in a clinical setting of 15 real angiograms and
150 measurements performed by five different users. The mean error in the measurement of the arti-
ficial aneurysms was 7.23%. The reliability of the new approach was significantly higher than that of
the ellipsoid approximation. Limits of agreement between two measurements were determined with
Bland-Altman plots and ranged from —14 to 13% for complex and from —10.8 to 11.03% for simple-
shaped sacs. The reproducibility was lower (>20% of variation) for small aneurysms (<70 mm?) and
for those presenting a very wide neck (dome-to-neck ratio<1). The method is potentially useful in the
clinical practice, since it provides relatively precise, reproducible, volume quantification. A safety coil-
ing volume can be established in order to perform sufficient but not excessive filling of the aneurysm
pouch.

Digital subtraction

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Aneurysm volume quantification (AVQ) is an important element
of the radiological examination that precedes the endovascular
treatment of cerebral aneurysmes. It is an important issue in choos-
ing the type of coil to use (Slob et al., 2005). Moreover, the Volume
Embolization Ratio (VER) has been advocated as one of the best pre-
dictive factors for long-term treatment success (Cloft and Kallmes,
2004; Kawanabe et al., 2001; Raymond et al., 2003; Sluzewski et al.,
2004; Tamatani et al.,, 2002; Vallee et al., 2005; Wakhloo et al.,
2007).

Manufacturers indicate coil volume, but AVQ is still a challeng-
ing issue for interventional neuroradiologists. Most teams estimate
volume by using measurements performed on two-dimensional
angiograms, and mathematical ellipsoid approximation.

* Corresponding author. Tel.: +33 4 6733 0286; fax: +33 4 6733 7263.
E-mail address: imaldonado@terra.com.br (L.L. Maldonado).

0165-0270/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2011.04.008

Recent improvements in the post-treatment of angiogram
images have allowed three-dimensional (3D) reconstruction of the
vascular tree. However, volume measurements based on the three-
dimensional space still require the resolution of three major techni-
cal problems (Abe et al., 2002; Anxionnat et al., 1998; Bescos et al.,
2005; Carsin et al., 1997): the variability associated to the use of
operator-dependent thresholds, the irregular morphology of some
aneurysms, and the imprecision of the limits between the parent
artery and the aneurysm sac. The latter is a major problem in case of
wide-neck.

In the present study, we describe and test a new tech-
nique for aneurysm volume quantification with 3D angiograms.
It consists of a combination of an algorithm for automatic deter-
mination of the optimal threshold with a three-dimensional
eraser tool that allows the user to separate of the aneurysm
from the parent artery. The accuracy of the method was veri-
fied by an in vitro experiment with artificial silicon aneurysms
of known volume. Then, a second experiment was carried out
using real angiograms, in which the precision of such approach
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Fig. 1. An example of artificial silicone aneurysm filled with a known volume of
diluted contrast medium, used to assess the accuracy of volume quantification after
gradient-based edge detection.

was compared to that of the method of AVQ by ellipsoid
approximation.

2. Materials and methods
2.1. Invitro experiment

Detection of the maximum-gradient edge in three-dimensional
rotational angiograms (3D-RAs) for automatic threshold determi-
nation.

2.1.1. Phantom

Four silicone aneurysms (Fig. 1) of known volume (100, 200,
300 and 400 mm?3) were used. They were filled with a solution
of an iodine-based contrast medium (80% of lomeron-350 mg/L
and 20% of isotonic saline) simulating the dilution obtained in
the carotid circulation during a 3D-RA. The ideal concentration
was calculated based on the values of a usual injection of iodi-
nated contrast medium (8 ml/s) and the average carotid blood flow
(600 ml/min). An average density of 2700 + 100 Hounsfield Units
(HU) was obtained, which corresponds to the values that are com-
monly observed in 3D-RA native images of intracranial aneurysms.

The artificial aneurysms were fixed inside a cadaver skull full
with contrast medium (lomeron-350 mg/L) diluted to 5 ml/L with
isotonic saline. With that concentration, a mean attenuation den-
sity of 40 HU was obtained, as commonly observed in the human
brain (Bahner et al., 2005).

The whole model was placed inside a plastic recipient full with
a 6ml/L solution of contrast medium (with a density of 65HU) in
order to simulate the soft tissues of the extracranial space. The
choice of this value of density resulted from the average of den-
sity measurements of the extracranial soft tissues in 15 healthy
individuals, at six different sites.

The silicone aneurysms were placed in three different loca-
tions of the carotid circulation that are common sites of occurrence
of brain aneurysms: anterior communicating, basilar and middle
cerebral artery. Nineteen different 3D-RAs were performed as the

aneurysms were switched from one location to another between
consecutive angiograms.

2.1.2. Threshold determination

Before any 3D analysis, the angiographic dataset must be pre-
treated in order to categorize voxels into two groups: blood vessels
and background.

In standard 3D analysis, this segmentation is usually achieved
by manual thresholding by the practitioner. However, this may
induce significant variation in the AVQ among users. Underestima-
tion of the threshold will result in overestimation of volume, and
vice versa. As a consequence, an automatic analysis for the deter-
mination of the optimal threshold for volume quantification would
be advantageous.

Automatic thresholding has been a challenging point in image
processing. Edge detection research has led to a reference method
based on the analysis of the gradient values. However, thresholding
of angiographicimages is the only method that leads to appropriate
3D reconstruction of the vascular tree.

In this study, we use an algorithm that searches for the thresh-
old value that provides the binary segmentation of the image with
maximal agreement with the gradient-based edge.

This threshold assignment is performed in three steps. The first
step consists of a gradient-based detection of the voxels belong-
ing to 3D edges of blood vessels (and aneurysm) in the 3D image.
To achieve this goal, we first compute the 3D continuous gradient
vector associated with each voxel. This computation is performed
by convolving the image with a 3D derivative kernel (Shen and
Castan, 1992). We then locate the voxels that maximize the 3D
gradient magnitude in the gradient direction, which is a prop-
erty of object boundaries. This detection leads to a binary image,
composed of two groups of voxels: those belonging and those not
belonging to edges. The second step consists in thresholding the
3D image with different values. Then, to each one, we associate
a binary image composed of two groups of voxels: those located
inside the blood vessels (and the aneurysm) if the threshold is
correct, and those that are not. The third step consists of finding
the threshold that generates the binary image in which the object
contour is closest to the binary gradient-based edge image. This
search is achieved by computing the Hausdorff distance between
the continuous gradient-based edge image generated in the first
step and the morphological gradient-based image associated to
each binary image generated in the second step (Fig. 2). The fil-
ter used to derivate the gray level image is the Shen-Castan filter
whose expression in the continuous domain is

f(x,y,z) = Coe @URIFyI+iZD),

where Cy is a normalization factor for the filter to have a unitary
response and « is a spread factor. In the experiment, the value of «
that gives the best results is o =1.0.

Nineteen 3D-RAs of the Phantom were performed using a
biplane angiographic system (Siemens, Neurostar Plus - T.O.P.,
Munich, Germany). Datasets were treated using a dedicated
software (ELIIS, Montpellier, France), which employs the algo-
rithm for automatic threshold determination. The surfaces of the
three-dimensional objects were used to perform 57 AVQs (three
aneurysms/3D-RA) (Fig. 3).

2.2. Invivo study

Delineation of the aneurysm and parent artery using a three-
dimensional (3D) eraser tool.
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Fig. 2. (A-C) Example of an aneurysm using three different values of threshold. (A) Image using a given threshold value. (B) Dilated image. (C) Eroded image. (D) Plot of the

reference contour image of the aneurysm obtained using the gradient based method for edge detection. (E) Morphological contour for the selected threshold. (F) Hausdorff

distance plotted against different threshold values for the entire image. As can be observed on graph, the Hausdorff distance gives an optimal threshold without any ambiguity,

which matches with the known volume of the simulated silicone aneurysm.

Fig. 3. Experimental three-dimensional aneurysm reconstruction, using rotational angiography and an algorithm for automatic threshold determination. (A) Automatic
threshold determination. The optimal threshold is the value that provides edges with a morphological gradient that are the closest possible to the binary edge image (arrow
head). (B) Building of the three-dimensional aneurysm model after automatic threshold determination. No thresholding maneuver is required from the operator.

2.2.1. AVQ using the 3D eraser tool

A spherical tool was specifically developed to allow the user to
erase the aneurysm sac and create the virtual image of an ideal
parent artery.

Three-dimensional RAs of 15 consecutive ruptured aneurysms
were performed with the same biplane angiographic system used
in the in vitro experiment and the datasets were processed with
the same automatic threshold determination software.

The objects delineated by the software were segmented with a
dedicated algorithm in hexahedral volumes (0.03 mm?) indepen-
dent from the voxel characteristics of the original images. Anytime
the spherical cursor (the “3D Eraser tool”) touched virtually the
object (the aneurysm), the corresponding volumes were cut from
the working screen and pasted in another window (Fig. 4). The
diameter of the eraser tool could be adjusted to correspond to
the level of accuracy desired by the operator. At the end of the

procedure, the artery and the aneurysm sac were separately recon-
structed. Then, the volume of the aneurysm was obtained, and the
procedure stored in a file.

2.2.2. AVQ using ellipsoid approximation

The reconstructions of the 3D-RAs (Virtuoso, Siemens) of the
same brain aneurysms were used for performing 2D measurements
of the aneurysm and then a dedicated software (ELIIS, Montpellier,
France) estimated its volume by means of the Ellipsoid Approxima-
tion Technique (EAT).

A multi-planar module allowed the user to choose three orthog-
onal diameters of each aneurysm sac. The volume (V4) of each
aneurysm was then calculated by means of the following formula,
which gives the volume of an ellipsoid:

b 4

n ¢4 Db ¢ 2
V(mm)_2><2 2><3><JT,
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Fig. 4. Example of a brain aneurysm reconstruction using the three-dimensional eraser tool. The virtual eraser tool is showed in (A). Every time the spherical cursor touches
the aneurysm pouch, it is erased from the left working window and pasted in the right one (B). At the end of the procedure both the reshaped parent artery (C) and the

aneurysm pouch (D) are independently delineated.

where (a) denotes the largest right-left diameter, (b) the largest
vertical diameter and (c) the largest antero-posterior diameter as
measured on the 3D-RA images. The three dimensions, (a), (b) and
(c), are mutually orthogonal.

2.2.3. Volume assessment protocols

Five different users have performed blind AVQs for each case
using the 3D eraser tool: two experienced neuroradiologists, one
junior radiologist, one neurosurgeon and an angiography techni-
cian. All of them had previously completed a training period in
which twenty other aneurysms were studied. The goal was to
obtain ideal parent artery reconstruction. Each user performed two
aneurysm delineations with a two-week interval between them.

One month later, the same users performed AVQs of the same
cases using the ellipsoid approximation technique. Once again,
there were two measurements separated by a two-week interval.
A total of 300 AVQs were accomplished: 150 per technique.

2.2.4. Statistical analysis

SAS Statistics v9 for Windows (SAS Institute, Cary, NC) was used
for statistical analysis. The percent error among the three differ-
ent anatomical locations was compared using the Kruskal-Wallis
test for non-Gaussian distributions. When the difference was sig-
nificant, couples of groups were treated with the Bonferroni’s
correction. The agreement between two different measurements

was assessed with Bland-Altman plots, using a limit of acceptability
of 15% (Bland and Altman, 1986). Comparisons between two AVQ
techniques were performed with a paired t-test. The significance
threshold was 0.05.

3. Results
3.1. Invitro experiment

Detection of the maximum-gradient edge in three-dimensional
rotation angiograms (3D-RAs) for automatic threshold determina-
tion.

For a beam energy of 90kV, the mean optimal threshold was
1580 HU (range 1262-1637 HU). The average percent error of AVQs
using automatic detection of the maximum gradient edge was
7.23 +3.84% (mean + SD, range 0.5-13%). The average error in vol-
ume quantification per aneurysm ranged from 3% to 11.8%. A
significant lower level of error was observed for aneurysms placed
in the MCA in comparison to those of the ACA or BA (Table 1).

3.2. Invivo study

Delineation of the aneurysm and parent artery using a three-
dimensional (3D) eraser tool.
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Table 1 2500
Average percent error of AVQs by anatomical location, observed during an in vitro
experiment using silicon aneurysms of known volume and automatic determination 2000 -
ofthe threshold in 3D rotational angiography images. BA, basilar artery; MCA, middle *
cerebral artery; ACA, anterior communicating artery. Kruskal-Wallis test for non-
Gaussian distributions. 1500 4

Location Average error p 1000 4 Volume < 70 mm3

MCA 5.2% 0319 5

ACA 10.7% <.00012

BA 9.04% <.0001® 500 1

a Comparison between MCA and ACA aneurysms. 0 2 ,: . P -

b Comparison between MCA and BA aneurysms. ! ! ! ! '
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Fig. 5. Bland-Altman plot showing the degree of agreement between two AVQs
(same user) with the 3D eraser tool. Each point represents the difference (y-axis)
in the AVQs of a brain aneurysm of a given average volume (x-axis). The horizontal
lines represent the limits of acceptability for the percent error in order to obtain a
95% confidence interval. In the present study, a user would have a 95% probability
of incurring an AVQ difference ranging from —10.26 to +10.57%.

3.2.1. Aneurysm characteristics

Most of the ruptured aneurysms studied were located in the
anterior circulation (13 of 15). The anatomical distribution was as
following: five in the anterior communicating artery, four in the
posterior communicating artery, four in the middle cerebral artery,
one at the top of the basilar artery, and one in the vertebral artery.
The mean aneurysm diameter was 6.01 mm (range 2-15 mm) and
the mean volume 249.02 mm?3 (range 12.5-1979 mm?3). The dome-
to-neck ratio ranged from 0.42 to 2.5 with a mean value of 1.2,
which characterizes a relatively wide-necked aneurysm popula-
tion.

In two cases “a kissing artery” was present and visualized as an
apparent fusion between the aneurysmal sac and an overlapping
arterial branch. The aneurysm sac was simple-shaped, presenting
a single pouch, in seven patients, and complex, multilobulated, in
eight.

The mean processing time for AVQ using the three-dimensional
eraser tool was 1.3 min per aneurysm. The longest processing time
was 3 min for the largest aneurysm (1973 mm?3).

3.2.2. Precision of the AVQ using the three-dimensional eraser
tool

The level of reproducibility of the measurements performed
with the three-dimensional eraser tool is illustrated in the
Bland-Altman plot in Fig. 5. It assesses the differences between
the two AVQs accomplished by the same user but separated by
a two-week interval. The limits of agreement obtained here were
—10.8 and 11.03%. After grouping cases by morphology, the lim-
its of agreement were —14 and 13% for complex (n=7) and —10.8

Fig. 6. Bland-Altman plot showing the maximum percent variation in the two AVQs
separated by a two-week interval (five trained users, 15 patients). A maximum
percent variation beyond 15% was observed in four aneurysms, all of them under
70 mm? of volume; x-axis, maximal percent variation for a given aneurysm; y-axis,
aneurysm volume in mm?3.

60
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Fig. 7. Bland-Altman plot showing the maximum percent variation between two
AVQs separated by a two-week interval (five trained users, 15 patients) in function
of the dome-to-neckratio. All points situated left of the vertical line (aneurysm/neck
ratio < 1) represent wide-neck aneurysms. All major percent variations (exceeding
15%) were concentrated in that subgroup; x-axis, dome-to-neck (D/N) ratio; y-axis,
percent variation for a given aneurysm.

and 11% for simple-shaped (n=8) aneurysms, with no significant
statistical difference between them.

The study of the maximum percent variation between two AVQs
(5 trained users, 15 patients) in function of aneurysm volume is
illustrated in Fig. 6, and in function of dome-to-neck ratio in Fig.
7. All major percent variations (exceeding 15%) were concentrated
in a subgroup of small (<70mm?) or very wide-neck aneurysms
(dome-to-neck ratio<1).

The AVQs obtained with the technique of ellipsoid approxima-
tion technique presented limits of agreement of —159 and +199%.
This low level of precision makes the use of Bland-Altman plot
inadequate. A simple descriptive analysis was performed. Com-
parison with the paired t-test showed a very significant difference
between the percent variations obtained with the two approaches,
with a mean of 5% for the 3D eraser tool and of 31% for the ellipsoid
approximation technique (Fig. 8).

4. Discussion

We presented here a new approach for AVQ using rotational
digital subtraction angiography. It consists of an algorithm devel-
oped for automatic threshold determination combined with a
3D eraser tool for separating the aneurysm from the parent
artery.

Despite the existence of animal aneurysm models (Bouzeghrane
et al.,, 2010) for understanding the mechanism involved in ini-
tiation, progression, rupture, testing new endovascular devices
and training interventionists, the exact volume of the aneurysm
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Ellipsoid approximation 202 0,11 31°
Eraser tool 27 0 5
I
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Fig. 8. Maximal percent variations of all AVQs performed with the 3D eraser tool (left bars) and the ellipsoid approximation technique (right bars). Each horizontal bar
represents the maximal variation between the two AVQs performed by each user with a given technique. The length of the bar represents the maximal percent variation

(percent error). *p <0.001. Paired t-test.

is impossible to be known, and they cannot replace an artificial
aneurysm for testing volume measurement accuracy.

To make possible the study of the accuracy of volume quantifi-
cation of objects delineated with such an automatic threshold, we
observed the measurement errors in a series of 57 AVQs of four
artificial silicon aneurysms. An average percent error of 7.23% and
a maximum percent error of 13% were recorded.

These figures may be acceptable for clinical purposes but are
higher than those previously reported in medical literature. In 2006,
Piotin et al. reported a study where an iron ball in a homoge-
neous gaseous environment was used for system calibration (Piotin
et al., 2006). The measurement error ranged from 4% to 5.5%. In
the present study, aneurysms over 200 mm?3 particularly tended
to present more relevant measurement errors, but without any
statistically significant difference.

Such an unexpected increase in the AVQ error may be related
to beam-hardening artifacts and partial volume effects. Beam-
hardening phenomena are related to the filtering of the spectrum
of X-rays by an attenuating material. With a larger object, the X-
rays cross more material, which increases the beam-hardening
effect. Consequently, more artifacts and measurement errors are
observed. Some computerized tomography studies recommend
specialized algorithms to correct beam-hardening artifacts and
couple optimization tests, in order to increase the accuracy (Brown
et al.,, 1999; van der Schaaf et al., 2006; Vannier et al., 1997).

The experiment we reported here was performed using a real
skull and an artificial vascular tree that reproduced the density and
anatomy of a real routine angiography. The petrous part of the
temporal bone is a very dense structure, which increases beam-
hardening effects and may explain the distribution of the artifacts
observed in our study. When an aneurysm was located in the MCA
(above the petrous bone) the mean error in volume calculation was
not significant (0.5%). However, for aneurysms of the ACA or BA,
very close to the skull base, or in contact to the petrous bone, the
mean error increased substantially (10%, p<0.001).

Experiments using object volume quantification without a real
skull and/or a brain model would difficultly reproduce artifacts that
may be responsible for major variation in volume quantification.
Nevertheless, even when all precautions are taken using a realistic
model, parameters that are inherent to an in vivo situation, such as
pulsatility or contrast dilution variation are still problematic.

Indeed, in a real situation, as in the “in vivo” phase of our study,
the inadvertent heterogeneity of the contrast medium dilution
could be a potential source of imperfect aneurysm opacification
and volume measurement error. This may be seen with large, irreg-

ular shaped aneurysms, with a turbulent flow in the dome. Giant
aneurysms are still a challenging issue for 3D RA-based volume-
try and may motivate adaptation of the contrast medium injection
protocol in a case-by-case basis in order to obtain optimal opacifi-
cation.

Variations in the beam X-ray energy may also potentially induce
changes in the aneurysm sac depiction. As recently verified by
Murakami et al. (2010), in a series of cerebral computerized tomog-
raphy, large variations of the X-ray beam energy (both reduction
or augmentation) induce degradation in contrast and diagnostic
imaging quality regarding the depiction of the simulated cerebral
vascular lesions. In comparison to computerized tomography, it is
important to remember that in cerebral angiography, X-ray beam
energy do not present significant variation using the same angiog-
raphy suite once it is correctly calibrated. In this last case, what
is more variable between two acquisitions is not the X-ray beam
energy, but the peri-aneurysmal environment inherent to each
patient (individual bone and soft tissue structures).

The three-dimensional gradient edge detection algorithm seeks
for the voxels belonging (or intersecting) the aneurysm envelope.
This is less sensitive to the global energy of the 3D image, but it
is sensitive to the relative values associated with each voxel. As a
consequence, this method provides a threshold value that is less
sensible to peri-aneurysmal environment variations.

Ellipsoid approximation has the disadvantage of presenting sub-
stantial variability of results. It is not a reliable tool, even when
assisted by multiplanar resources. In our team’s experience, it may
be responsible for variations as high as 31%. Similar observations
were made by Piotin et al. (2006).

Arelevant number of aneurysms studied here were challenging,
due to their small size (mean volume 249 mm3, mean diameter
6 mm) or wide neck (12 of 15 aneurysms). The 3D eraser tool
showed to be more precise than EAT, and then more adequate for
clinical use. The fact that the image of the aneurysm can be sepa-
rated from the parent artery assures adequate delineation, which is
not easily obtained with automatic image treatment. Furthermore,
the method keeps its precision for complex-shaped aneurysms.

This technique has two relative limitations: small aneurysms
and extremely wide necks. When the aneurysm volume was less
than 70 mm?3, or the “dome-to-neck ratio” was under 1, the max-
imum percent errors observed often exceeded 15%. For small
aneurysms (under 70 mm?), the variability among practitioners in
delineating aneurysm boundaries was proportionally more signifi-
cant, because the volume of the sac is smaller. In other words, small
variations in erasing the parent area and delineating the aneurysm
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neck could lead to significant percent variations of the AVQ, because
the AVQ was small. This led to a wider range of measurement
results (and larger variations in AVQ, over 15%). In very wide neck
aneurysms (dome-to-neck ration < 1), the parent artery was often
dysplasic and more than 50% of its cross-section belonged to the
aneurysm neck. The delineation of such a neck may be very difficult,
which may be at the origin of some inter-observer variation.

Furthermore, this automatic choice could certainly lead to poor
visualization of some anatomic details on the 3D images. Another
threshold setting might be more appropriate for anatomic depic-
tion for therapeutic planning purposes. As a consequence, the
practitioner can manually set his preferred threshold once the vol-
ume quantification is done.

The assessment of the volume of a cerebral aneurysm is a very
importantissuein clinical practice. It allows avoidance of overfilling
during the endovascular procedure and reduces the per-operative
risks. A safety volume (Vs) may be obtained by a deliberate under-
estimation of the aneurysm volume to be filled by coils. This
corresponds to the AVQ deducted of the sum of all possible errors,
i.e. 17.7% in the present study:

Vs = V(1 - GE),
or
Vs =V, -0.823 (present study),

where “V;” is the aneurysm volume obtained by a given AVQ
technique and “GE” the corresponding maximal global error. The
probability of the real aneurysm volume to be higher than Vi is
maximal. Therefore, “Vs” is the security level that may be used for
therapeutic planning, and may be taken into consideration when
establishing a target VER.

5. Conclusion

In the present study we presented a new approach for aneurysm
volume quantification using 3D rotational angiograms, which
focuses on reducing common measurement errors that are asso-
ciated to inter-observer variability, neck width, or morphological
complexity of the aneurysm. The combination of an algorithm for
automatic detection of the optimal density threshold and a three-
dimensional eraser tool for delineation of the parent artery was able
to provide volume quantification with acceptable accuracy, repro-
ducibility, and a short processing time, except for small (<70 mm?)
or extremely wide-neck aneurysms (dome-to-neck ratio<1).

Respecting the limits that are inherent to such a method, this is
a potentially useful instrument in daily clinical practice, and more
reliable than volume estimation by ellipsoid approximation. The
maximal cumulative error of the technique is roughly 18%, which
allows interventionists to calculate a safety volume that can be
taken into consideration when setting the target VER for coiling.
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