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The maximum diameter of abdominal aortic aneurysm (AAA) is a key quantification parameter for disease
assessment. Although it is routinely measured on 2D-ultrasound images, using a volumetric approach is
expected to improve measurement reproducibility. In this work, 3D-ultrasound or computed tomography
imaging of patients with AAA was combined with a minimally interactive 3D segmentation based on
implicit template deformation. Segmentation usability and reproducibility were evaluated on 81 patients,
showing a mean measurement time of [2;8] min per case, and Dice coefficients of 0.87 +0.12 for 3D-
US and 0.81+£0.08 for CT. Quantification parameters included a diameter measurement from 3D-US
and CT volumes with respective confidence intervals of 0.51 [-2.5;3.52] mm and 1.00 [-1.68;3.67] mm.
Additional volume measurements showed confidence intervals of 0.91 [-4.17;5.99] ml for 3D-US and
4.10 [-4.11;12.30] ml for CT.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The objective of this paper is to propose a clinically relevant,
usable and reproducible approach for the 3D quantification of
abdominal aortic aneurysm (AAA) from 3D-ultrasound (3D-US) or
3D-computed tomography (3D-CT).

Abdominal aortic aneurysm is defined as a local increase of the
artery size. Atits early stage, small AAA is an asymptomatic vascular
pathology and its natural history is growth. The main risk is rupture
which increases with size and is associated with a mortality up to
76% (Lindholt and Sgaard, 2012). Prevention from rupture relies
either on open surgery or endovascular aneurysm repair (EVAR)
procedure. Interventions are indicated in case of rapid growth or a
maximal diameter exceeding 5.2 cm for women and 5.5 cm for men
(Moll et al., 2011). After EVAR (post-EVAR), success of treatment is
defined by AAA retraction around the endo-prothesis.

In today’s clinical practice, AAA screening, small AAA follow-up
and post-EVAR follow-up are all based on the measurement of the
AAA maximum diameter.
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Currently, 2D-ultrasound (2D-US) and CT (or Computed Tomo-
graphy Angiography (CTA)) are the two imaging modalities used
to perform diameter measurement. 2D-US is used for diagnostic
and follow-up of small aneurysms. CT/CTA is performed when the
AAA is discussed for intervention, at a stage when the diameter
is 50-55 mm. Post-EVAR follow-up may be performed either with
CTA or 2D-US.

There are many clinical limitations in today’s clinical practice,
and more specifically in the use of the maximum diameter as the
indicator of disease progression:

e Diameter reflects a simplified view of the pathology. Abdominal
aortic aneurysm is a volumetric pathology, however charac-
terized in 2D planes (US or CT/CTA) by a distance (1D). After
post-EVAR, it was shown that volume follow-up is more predic-
tive of patient outcome (Kritpracha et al., 2004; Prinssen et al.,
2003; Lee et al., 2003; Bargellini et al., 2005; Fillinger, 2006; van
Keulen et al., 2009).

e There is a lack of consensus in the definition of the maximum
diameter (Long et al.,, 2012). Although it is the main param-
eter used for diagnostic, follow-up of small AAA, intervention
indication, and post-EVAR follow-up, its definition is far from
being harmonized which is a concern in clinical practice. Indeed,
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diameter measurement methodology may vary from an exam to
another or from a clinical practice to another.

e The selection of imaging planes in which the measurement is per-
formed is user dependent, both in US and CT, as previously shown
in the domain of fetal ultrasound imaging in Ni et al. (2014) and
Chen et al. (2015). For 2D-US, additionally, the available image
is either a frozen 2D view or a cineloop and measurements in
other planes are not possible. For CT/CTA, tortuous AAA may not
present a maximum diameter aligned with the acquisition plane.
In such cases, multiplanar reconstructions (MPR) may be used,
but even then it can be challenging to identify the “true maximum
diameter” perpendicular to centerline.

The above limitations may induce under or over estimation
of the maximum diameter, and potentially erroneous clinical
decisions. In order to improve the clinical relevance of AAA quan-
tification, AAA volumetric assessment is proposed in this paper. 3D
analysis of AAA offers two parameters with both CT and US: max-
imum diameter and volume quantification. Until recently, CT/CTA
was the only modality to provide volume imaging of the AAA.
Thanks to technical advances in ultrasound imaging, 3D-US probes
are now available in clinical environments. AAA imaging with such
probes is feasible (Rouet et al., 2010) and provides a mean to access
more appropriate 3D-based quantifications of AAA. In addition,
use of 3D-US provides an opportunity for performing non-invasive
post-EVAR volume follow-up as compared to CT/CTA (no X-ray
radiations, no iodine injection)

Although the clinical relevance of 3D quantification of AAA from
3D-US or CT/CTA volumes appears clearly, it may not be adopted
without a usable and reproducible approach, implemented in an
easy to use, fast and accurate prototype. Indeed, patients follow-up
involve an increasing number of imaging exams, using complex
technologies, performed by operators whose competencies may
vary from junior to senior. Post-processing is then a key step in
disease evaluation. For CT, Ghatwary et al. (2013) proposed a sys-
tematic review of quantification protocols, and showed that no
consensus methodology could be found from the review. For 3D-US,
few studies are available. In Causey et al.(2013),3D-US imaging was
obtained through 2D imaging combined with electro-mechanical
tracking and compared to CT. 7 cases were analyzed. The seg-
mentation was manual for US and CT with respective durations
of [5-43]min and [10-38] min. The mean volume difference was
21 ml. In Arsicot et al. (2014) a 3D mechanical probe for ultrasound
acquisitions was used. US volumes were segmented as contours
in each slice. CT volumes were segmented in native slices using
a closed polygon software. 75 patients were analyzed and the
mean volume difference was 12 ml between CT and US. In Bredahl
etal.(2013a),3D-US acquisitions were obtained with a 3D-xMatrix
probe (Philips, Bothell, USA). Segmentation was performed directly
in 3D for CT and 3D-US using non-Euclidean radial basis functions
(Mory et al.,2009)in [15-30 min]. The mean difference obtained on
91 patients was 1 ml. In Bredahl et al. (2013b), it was shown that 3D
ultrasound correlate significantly better to 3D CT than the currently
used 2D ultrasound method when assessing maximum diameter of
the residual sac after EVAR. In a comparison between CT and MRI,
Duquette et al. (2012) proposed a faster approach including par-
tial 2D contouring combined with interpolations. Times reported
for 35 patients were below 1 min. Volumes comparisons were not
reported. From these papers, it appears that segmenting 3D vol-
umes remains a post-processing burden that is not compatible with
a clinical routine quantification.

In addition to providing an efficient post-processing approach,
a quantification tool should also be evaluated for clinical repro-
ducibility. With current 2D ultrasound imaging, the inter-observer
reproducibility range (95% confidence interval) that is considered
admissible for diameter measurement is +5 mm.

In this paper, we propose an approach based on implicit tem-
plate deformations (Mory et al., 2012) that enables an easy and fast
segmentation of AAA volumes in 3D-US and CT, combined with
dedicated 3D quantification tools. Reproducibility of diameter and
volumes measurements is assessed in inter-observer comparisons
for 3D-US and CT.

2. Material and methods
2.1. Acquisitions

Ultrasound modality. Acquisitions were performed on a 1U22
(Philips Ultrasound) system with two types of 3D probes. A
mechanical probe (V6-2) provided volume acquisitions from a
mechanical sweep of 2D planes. A 3D matrix probe (X6-1) provided
acquisitions directly from 3D scanning of the volume of interest.

A database of 52 patients was collected from three clinical sites
(University Hospital Reims, France, Hospital Henri Mondor, Créteil,
France and Rigshospitalet, University of Copenhagen, Denmark).
For each patient, volumetric acquisition of the AAA was performed
and stored after anonymization.

CT modality. Acquisitions were obtained from different models
of scanners (Philips Brilliance 64, Siemens Sensation 64, Toshiba
Aquilion). Pixel spacing within acquisition slices was in the range
[0.63-1.17] mm and inter-slice distance was in the range [ 1-5] mm.
A database of 29 patients was collected from Rigshospitalet,
Denmark. For each patient, an abdominal acquisition was per-
formed and stored after anonymization.

Ethical approval. All acquisitions were performed within stud-
ies approved by local ethics committees. Patients gave informed
consent.

2.2. Image segmentation

Providing a user friendly, efficient, fast and reproducible 3D seg-
mentation method is a key point in the development of clinical tools
aiming at structures quantification. The shape and appearance of
an AAA in a 3D US or CT volume may be influenced by many clin-
ical factors such as the depth of the aorta, its size, its sinuosity,
wall calcifications and patient’s echogeneicity. In addition, the seg-
mentation tool is to be used by clinicians who may or may not be
familiar with nowadays computer applications.

Statistical shape models (SSM) (Heimann and Meinzer, 2009)
propose a widely used methodology for 3D segmentations. In
particular, SSM rely on the ability to establish correspondences
between training examples, based on anatomical features, as for
example valves or apex in cardiac applications (Wu et al., 2012).
In the present application, partial views of 3D vascular structures,
without specific landmarks make the use of SSM non obvious, while
segmentation approaches based on level sets (Cremers et al., 2007)
appear more adapted.

For AAA 3D segmentations, a clinically acceptable tool for
segmentation must encompass (1) limited complexity to ensure
fast execution, (2) robustness to poor image quality, and (3)
capacity to rapidly and coherently respond to user corrections.
Recently, an algorithm referred to as “implicit template deforma-
tion”, attempting to satisfy these criteria was introduced in Mory
et al. (2012) and extended in Prevost et al. (2013, 2014).

Implicit template deformation. In its most general expression,
segmentation is obtained by minimization of a functional ¢, defined
on &, where Z represents the space of deformations of the object
to segment. The object to segment is implicitly represented by
a signed function ¢y undergoing a spatial deformation field (\WV):
¢ =@ oV, and defined on a domain 2. ¢ is defined depending on
the application and is positive inside and negative outside of the
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object to segment. E is restricted by a statistical analysis carried on
a database of segmented objects of interest. This restriction is done
in Prevost et al. (2013) by computing a suitable mean shape ¢y and
a linear space of most probable deformations £. Moreover, further
constraining space &, the general expression (Eq. (1)) also embeds
a framework to cope with user interactions. These are expressed
in the form of point-wise constraints, imposing the sign of the
deformed implicit function ¢ at locations Xy c...n]-

W) — / H(dho o W)rin
Q
min + / (1= H(gho o W))rext (1)
Q
£ A S(D)

subjectto Vk € {1,...,N} oo W(x;) =0

where 1, is an internal image-based force, rex: an external image-
based force, H is the Heaviside function, X is a weighting parameter,
S a shape constraint term and y; € { —1, 1}. Function S depends on
the problem at hand, in Prevost et al. (2013) the attachment to the
shape penalizes the distance between W and the linear space L.

Implicit template specialization for AAA. Considering the seg-
mentation of AAA from 3D-US and CT volumes, the most general
expression of template deformation has to be specialized to adapt
to the application specificities in order to

(i) Provide with a patient specific shape constraint S (Eq. (1)).
(ii) Provide with a multi-modality segmentation capability.

Defining a statistical shape model of AAA would require a con-
siderable number of cases to capture its high variability. Without
this statistical analysis, the shape constraint term Sin Eq. (1) is here
defined similar to (Mory et al., 2012) (Eq. (2)):

S(W) = H\IJ—IdHZ (2)

Spenalizes the deviation of the segmentation ¢ from shape ¢¢. Thus
the importance of an adequate constraining shape ¢g.

In this work, we propose to replace the use of a mean shape by a
case-specific guiding shape. Such a shape is obtained through min-
imal user-based interactions, enabling to extract a more specific
function ¢y.

We propose to model the generic shape of AAA by a set of points
in 4D (x;, y;, z;, ;) € R4, where points P;=(x;, y;, z;) define the cen-
tral line of the AAA shape and r; represent the radius of a sphere
centered at the ith point. Involving the user at the center of the
segmentation process, providing a few points and radii, the AAA
boundary is coarsely approximated. Although it is interactive, the
initialization requires a limited number of points selection, with at
least two user’s interactions.

Each interaction consists in specifying a position close to the
main vessel axis, together with a local estimate of the AAA diameter
at that position.

The implicit function generated from interaction points is
defined as a signed distance function (Eq. (3)), where X € Q2. An
illustration with 3 points is presented in (Fig. 1), with the cor-
responding implicit function. The zero level, overlaid as a white
contour, represents the segmentation state prior to template defor-
mation.

¢o(X) = min;(—(r; — [IPX1])) (3)

Deformation forces specialization for AAA. The initialized implicit
function ¢ represents a rough approximation of the AAA shape to
segment. A series of deformations is then necessary to obtain the

Fig. 1. (Left) User input of generic shape parameters, through the definition of 3
spheres. (Middle) Generation of ¢y using the input parameters and the generic shape
definition. (Right) Resulting initial model of AAA prior to deformations.

Fig. 2. Depending on imaging modality, normals and gradients vectors orienta-
tions vary. Red arrow represents normal to surface orientation and dashed arrow
represents gradient orientation. (Left) US modality. (Right) CT modality. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

final AAA shape. In the general form of the energy function (Eq.
(1)), image-based forces are represented by rj,; and rex:. Since the
initial estimate is close to the solution, rey is here set to 0 and does
not influence energy minimization. Regarding interior term rjy;,
the goal of segmentation is to maximize the gradient flow across
the AAA surface. This can be achieved by choosing the following
expression 1, =+ Al since, using Green’s theorem, we have

ﬂ:/H(qﬁoo‘ll)AI:ﬂ:/ AI:j:% VI-ii (4)
Q o 5

where Q¢ ={x € Q| (¢g o ¥)(x) >0}, Q0 its boundary, ii the outer
normal to 6€2g and I is the image intensity. The uncertainty on the
sign of r;, is removed by the knowledge of the image modality
(Fig. 2).

In ultrasound, the AAA outer walls present large echoes, and the
blood or thrombus inside the AAA present low echoes. The gradient
is thus oriented from inside to outside and rj,;; =— AL

In CT, the AAA lumen presents larger absorptions indices and
thus higher Hounsfield values than the neighboring tissues. The
gradient are thus oriented from outside to inside and rj,; = Al

For energy minimization efficiency, it is necessary to smooth the
Laplacian field so that the shape is attracted to the targeted edges
from a longer distance. Smoothing is performed with a Gaussian
kernel G,. However, the smoothing of the Laplacian results in local
approximations on the exact boundary locations. As a result, the
minimization process is a two-step coarse to fine process. First, a
minimization using a larger o is performed (Fig. 3, left). At con-
vergence, a second minimization is done, using a smaller o (Fig. 3,
right). This ensures both large enough deformations from the initial
shape estimate and accurate segmentations.

Adaptation of generic segmentation to different imaging modali-
ties. In addition to modality-related image-based forces selection,
the segmentation is adapted to deal with varying image resolu-
tions. In 3D-US, voxels sizes in one dimension are typically in a
[0.2, 0.5] mm range, while in CT they are within [0.6, 5] mm range.
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Fig. 3. Influence of the choice of the regularization filter for the Laplacian computa-
tion. AAA border is indicated by arrow. (Left) o = 10, first step of energy minimization
with larger scale smoothing of Laplacian to ensure expected deformations, border
has an offset distance from true edge. (Right) o =3, energy minimization is refined
close to final solution, border is precisely segmented.

Fig. 4. Segmentation of AAA in US modality, before any manual corrections.

Fig. 5. Segmentation of AAA in CT modality, before any manual corrections.

Regarding computational burden, while the implicit function may
be calculated on the whole volume in 3D-US, computation has to
be restricted to a region of interest for CT segmentations.

Template deformation examples. lllustrations of the result of tem-
plate deformations, before any local corrections are presented in
Fig. 4 on an AAA acquired in 3D-US and in Fig. 5 on another case
acquired in CTA.

Segmentation corrections. At the completion of template defor-
mation, user has to assess the resulting segmentation. If some parts
of the AAA surface are judged incorrect, they require interactive
corrections. The principle is to associate each correction (either
located at the exterior or the interior of the AAA surface) to a con-
straint in the implicit domain. A set of N correction points translates

Fig. 6. Segmentation of AAA from a CT volume. (Left) Result of template deforma-
tion. (Right) Results after local user corrections. (For interpretation of the references
to color in the text, the reader is referred to the web version of the article.)

into N constraints on the sign of the transformed template at x;, (Eq.
(5)), where y; =1 (resp. —1) for inside (resp. outside) points.

Vk € {0,.. Ve Do o P(x) >0 (5)

The mathematical and implementation details are described in
Mory et al. (2012). In practice, with a suitable implementation, the
user receives real time feedback. Each interaction produces a defor-
mation attracting or repulsing the segmentation under the overall
shape constraint.

An example oflocal corrections is presented in Fig. 6. Corrections
aiming at reducing the size of the AAA are presented in red and
corrections aiming at increasing the AAA size are presented in blue.

The correction algorithm thus produces a refined segmentation
through a coupling between shape constraint and image informa-
tion. Such an approach provides an intuitive and user-friendly tool
for corrections, ensuring shape fidelity.

LN-1)

2.3. Parametric quantification

The quantification of the AAA requires the definition of a spa-
tial referential, in order to define cross-sectional planes in which
diameters are evaluated. We use the centerline of the AAA as such
a spatial referential. The centerline extremities are defined as the
most distant input points from the initial template definition. From
the segmentation output, a distance map from AAA boundary is
calculated in 3D. Using the inverse of the distance function as a
cost function, a minimal path between the extremities is extracted.
This minimal path defines the AAA centerline, noted C. It should be
noted here that this centerline corresponds to a centerline of the
outer AAA shape, regardless of the possible presence of thrombus.

In order to limit quantification variability, the centerline C is
resampled with a constant parametric step, usually equals to 1 mm.
The tangent to the centerline at each point defines the normal to
a cross-section plane. The intersection between each cross-section
plane with the 3D segmentation of the AAA defines contours noted
¢;, i € [1, nbCS], where nbCS is the number of generated cross-
sections.

Diameter. In each contour c¢;, the maximum distance between
any two points defines a local maximum diameter Id;. AAA maxi-
mum diameter Diam is defined as the maximal value of diameters
calculated in each cross-section plane (Eq. (6)).

Diam = max; 1, npcs)(Id;) (6)

Volume. The quantifiable volume of an AAA depends on the
imaging modality. In CT abdominal scans, the full AAA is imaged
and anatomical landmarks are used for standard volume quantifi-
cation. The whole volume is defined as the section of artery located
between the planes defined by the lower ostium of the lower renal
artery and the plane containing the aorto-iliac bifurcation. In 3D
US, small aneurysms may be completely included in the acquired
volume. However, the anatomical landmarks are seldom visible,
especially the lower renal artery. When the AAA is large, or close
to the abdominal skin, only a limited view may be visible, thus
preventing from measuring a full volume.
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Fig.7. Quantification of AAA segmentations. (Left) From CT acquisition. (Right) From
3D-US acquisitions. (For interpretation of the references to color in the text, the
reader is referred to the web version of the article.)

In order to enable volume measurement in all these clinical
situations, we introduced a partial volume definition (Long et al.,
2013). We define the volume parameter Vol as a partial volume cor-
responding to a sub-section of the vessel delimited by two-cross
sections. The distance L between the two sections of interest is a
parameter and may be selected by the user (Eq. (7)).

Ck+K
Vol = maxy_1 npcs—k] (/ H(¢)dv) (7)
C

k

K is the number of successive cross-sections necessary to cover
a length L of the centerline. In 3D-US, AAA is most often partially
imaged due to the limited field-of-view. In order to compare quan-
tifications between readers, it is necessary to define a common
length for volume computation, and a distance L of 30 mm was
selected. In CT, the view of the AAA is longer and a common length
of 60 mm for volume computation was selected.

For AAA shapes that are symmetric with respect to the max-
imum diameter, the central cross-section for the partial volume
estimation corresponds approximately to the one containing the
maximal diameter. In some asymmetric cases, the center of the
partial volume is shifted and differs from the cross-section con-
taining the maximum diameter. The cross-section corresponding
to the center of the maximal partial volume is visually represented
by a blue cross-section (Fig. 7).

2.4. Criteria for evaluation

Our approach was evaluated for usability, segmentation repro-
ducibility and parameters quantification reproducibility.

Readings. Three readers R1, R2 and R3 were involved in 3D-US
and or CT readings. For 3D-US acquisitions, all 52 cases were each
segmented and quantified by readers, R1, R2 and R3. For CT acquisi-
tions, all 29 cases were each segmented and quantified by readers,
R2 and R3. All quantification results were stored.

Prototype usability. Prototype usability was assessed by recor-
ding the following information during each volume analysis:
number of interaction points used for template initialization NbInit,
duration of template initialization and deformation process TInit,
number of correction points NbCorrec and time required for per-
forming the corrections TCorrec, including the associated additional
template deformations. Recorded information was then combined
in order to compare the number of initialization points with the
duration of initialization for each reader and each modality. Similar
combination was done for correction points and time.

Segmentation robustness. Segmentation robustness was evalu-
ated in order to assess the variability of segmentations with respect
to user initialization. Two sources of variations were analyzed: (i)
the variation of the positions of the initial points P;, and (ii) the vari-
ation of the radii r; of the spheres associated to each point P;. Each

i \ - : : s
2

.AXM 6

Fig. 8. Illustration of 3 perturbations distributions applied to initial points P; pos-
itions for ©={1,3,5},0=1.

source of variation was evaluated by the addition of perturbations
to user provided initializations. The effect of each perturbation was
evaluated by comparing the reference segmentation obtained from
a user initialization to the segmentation obtained after applying
perturbations. For each perturbation, the Dice coefficient and the
Hausdorff distance were computed.

A first experiment consisted in applying perturbations to the
positions of P;. A perturbation is defined by picking a uniform
distribution of points around each point P;, with a given ampli-
tude M(u, o) of a given user initialization, as illustrated in Fig. 8.
For each point P;, an independent random perturbation is gen-
erated in spherical coordinates in order to span the 3D space
around P;: {§; = MW, o), ¢; = a cos(2u(0,1) — 1), 6; = 2140, 1)}.
Converted into Cartesian coordinates, the perturbation of P; is then
8; cos 6 sin¢
8; sinf sin¢g

8; cos¢

For all 3D-US images and CT images of the database, the varia-
tions of points P; positions were evaluated for amplitudes of pertur-
bations in the distributions M, o), 4 € {0.5,1,b,4,6,8,10},0 =
2. For each image and for each amplitude of perturbation, 10 per-
turbations were generated and applied, providing 520 Dice and
Hausdorff coefficients per amplitude of perturbation for 3D-US and
290 for CT.

A second experiment consisted in applying perturba-
tions to the radii of the spheres associated to the initial
point positions. A sphere radius perturbation is defined by
a distribution Mu, o), and a perturbed radius is defined as:
fi=ri+Mu, o).

For all 3D-US images and CT images of the database, the vari-
ations of radii were evaluated for amplitudes of perturbations in
the distributions Mu, o), u € {1,¢,5,7},0 = 1. For each image
and for each amplitude of perturbation, 10 perturbations were

expressed as: P; = P; +
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Table 1
Summary of parameters used for evaluation of our approach.
Criterion Parameter name  Description
Usability NblInit Number of
initialization points
TInit Duration of
initialization
NbCorrec Number of correction
points
TCorrec Duration of correction
Segmentation robustness Dice Overlap index between
two segmentation
Hausdorff Distance between two

segmentations

Overlap index between
two segmentation

Segmentation reproducibility  Dice

Hausdorff Distance between two
segmentations
Quantification Diam Maximum diameter of
AAA
Vol Partial volume of AAA

generated and applied, providing 520 Dice and Hausdorff
coefficients per amplitude of perturbation for 3D-US and 290 for
CT.

Segmentation reproducibility. Reproducibility of segmentations
was assessed by comparisons of 3D meshes saved by each reader.
Each comparison included Dice and Hausdorff indexes computa-
tion. For 3D-US, comparisons for the 3 readers corresponds to 3
pairs of comparisons, described by (R1,R2), (R1,R3) and (R2,R3).

For assessment of CT segmentations, a single comparison was
evaluated for each pair of meshes (R2,R3).

A summary of all comparisons was obtained by taking, for each
modality, the mean and standard deviation of all Dice and Hausdorff
measurements.

Quantification reproducibility study. Reproducibility for diameter
(Diam) and volume (Vol), in both 3D-US and CT modalities, was
studied at two steps of the image analysis: first, at the output of
the template deformation, before user corrections and second after
user corrections.

Criteria evaluation summary. All evaluation criteria are summa-
rized in Table 1, with corresponding parameters.

2.5. Statistical analysis

The reproducibility analysis was performed using the
Bland-Altman test, for comparing each reader with one another.

The Bland-Altman method (Altman, 1986) provides the mean
value of the paired differences, the coefficient of repeatability
equals to 1.96 standard deviation of the differences (SD) and the
limits of agreement (LOA) equal to mean + 1.96 SD. When applied to
diameter analysis, clinical thresholds were 5 mm for the coefficient
of repeatability and 45 mm for the LOA.

When applied to volume analysis, no recommendations were
available in the literature. From the intra- and inter-observer repro-
ducibility studies, in Long et al. (2013), applied to a volume defined
on a section of L=30mm length, a volume change of 11 ml was
shown to be clinically relevant for follow-up, with comparable
results for axial and longitudinal acquisitions. This value was close
to the 10 ml volume difference between two CT images proposed
by Wever et al. (2000). In percent, the errorin Long et al. (2013) was
less than 8% of the measured volume in the overall population. This
value is in line with the 10% volume change considered as clinically
significant by Kritpracha et al. (2004). Nonetheless, these results
should be interpreted with caution, as they do not rely on identical
definitions of volume.

Quantification of users initialization (3D-US)
Overall Mean Duration = 1.45 (min)
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Fig. 10. Number of initialization points and associated duration of initialization for
2 readers of 28 CT volumes.

T-tests were performed to evaluate the statistical significance
of the paired inter-observer diameter and volume measurements
differences.

3. Results
3.1. Prototype usability

The number of initialization points used by each reader are
represented in combination with the respective durations of
initializations in Fig. 9 for 3D-US and in Fig. 10 for CT. These
figures reflect that one reader (R2) is faster and uses more points
to initialize the template shape, while readers R1 and R3 use less
points but in a slower manner. After initialization and segmenta-
tion, the correction step is evaluated by comparing the number
of correction points with the duration of corrections in Fig. 11 for
3D-US and in Fig. 12 for CT. CT analysis reflects more differences in
the way the tool was used. Indeed, R3 took longer to position the
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Quantification of users corrections (3D-US)
Overall Mean Duration = 3.72(min)
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T
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Table 2

81

Evaluation of the prototype usability in terms of user interactions for 3 readers R1,
R2 and R3. Mean =+ standard deviation of measurements obtained on 3D-US and
CT databases are reported for the duration of initialization (TInit), the number of
initialization points (NbInit), the duration of segmentation correction (TCorrec) and
the number of correction points (NbCorrec).
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Fig. 11. Number of correction points and associated duration of corrections for 3
readers of 53 3D-US volumes.

Quantification of users corrections {CT)
QOverall Mean Duration = 4.62 (min)

T T T T T

N
o

-
®
T
oe
A
w N

- - -
N ~ )
T T T
1 L 1

Duration of corrections (min)
-
® o
T T
L
1 L

4 -} L] «® »
.
« *ufg
2F ° 4
o ° 08‘90" 000
o oo

&l\ OA oL 1 1 & Il 1 Il 1
098e—o = —

0 10 20 30 40 50 60 70 80 90

Number of corrections

Fig. 12. Number of corrections points and associated duration of corrections for 2
readers of 28 CT volumes.

initial template, although using as many points as R2. However,
the number of corrections performed by R2 was much higher
than R3. One reason explaining the difference was the template
definition. R3 defined templates closer to the expected final shape
that R2, thus requiring less corrections post template deformation.

Table 2 presents a summary of recorded information for all read-
ers and for 3D-US and CT volumes, time units are minutes. From the
results, it can be estimated that the overall duration of a 3D-US anal-
ysis is less than 7 min, although R2 presents an average in less than
2 min. The number of points used for initialization and corrections
are comparable for all users, representing a rough total around 20
clicks. A rough estimate of overall time for CT analysis is between 2
and 8 min, with 20 clicks in easier cases and up to 60 clicks in worst
cases.

TInit (min) NbInit TCorrec (min) NbCorrec

3D-US

R1 1.90+1.23 3.21+0.68 4.83+3.88 16.49+7.32

R2 0.60 +0.42 3.59+1.02 1.234+0.69 13.65+5.82

R3 1.86£1.39 3.35+0.77 5.11+3.87 16.53+8.02
CT

R2 0.43+0.21 5.61+1.35 8.31+£11.05 45.64+19.75

R3 0.82+0.35 543+1.18 1.444+0.77 16.29+9.80
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Fig. 13. Comparisons of 3D-US and CT inter-segmentations Dice coefficients.

Table 4
Summary of results for the reproducibility of segmentations in 3D-US and CT modal-
ities. For each parameter, the overall mean and standard deviations are reported.

3D-US CT/CTA
Dice 0.87+0.12 0.81+0.08
Hausdorff (mm) 3.55+2.06 8.08 £3.56

3.2. Segmentation robustness

The results for segmentation robustness evaluation are pre-
sented in Table 3. For perturbations of positions, results show that
below 4 mm of average perturbation of the positions, the segmenta-
tion results are stable. A positionning error less than 4 mm by users
will thus have a limited impact on segmentation results, both for
3D-US and CT modalities. For radii perturbations, an error below
3 mm has a limited impact on the segmentation result. This cor-
responds to an average diameter difference of 6 mm. Above 3 mm
of radii perturbations, the results of segmentation are negatively
affected by the radii perturbations.

3.3. Reproducibility of segmentations

The results for 3D-US and CT segmentations comparisons are
presented in Figs. 13 and 14.

Results show that agreement between segmentations of readers
R1 and R3 tend to be higher than other comparisons.

Table 4 presents a summary of parameters used to evaluate the
quality of segmentations. For both modalities, results present cor-
rect Dice indexes and limited Hausdorff distances, reflecting good
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Table 3

Evaluation of segmentation robustness for 3D-US and CT. Position perturbations evaluate robustness of segmentation with respect to user initialization points P;. Radii

perturbations evaluate segmentation robustness with respect to the user defined radii r;.
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Fig. 14. Comparisons of 3D-US and CT inter-segmentations Hausdorff distances.

Table 5

Reproducibility for maximum diameter Diam parameter in 3D-US. Mean of dif-
ferences and confidence interval [(mean—1.96 std);(mean+1.96 std)] in mm,
measured before and after user corrections.

Mean of differences
after corrections (mm)

Mean of differences
prior corrections (mm)

Observer pair

(R1,R2) 0.51 [~4.47;5.49] 0.50 [-2.02;3.02]
(R1,R3) 0.39[-3.03;3.82] 0.77 [-2.92;4.46]
(R2,R3) —0.11[-3.83;3.61] 0.27 [-2.56;3.09]

Overall mean 0.26 [-3.78;4.30] 0.51[-2.5;3.52]

overlap of compared segmentations. Comparison between modal-
ities shows better agreement for 3D-US modality than CT.

3.4. Diameter and volume reproducibility for 3D-US

Analysis of results for diameter (Table 5) shows that the
quantification performed directly on the output of the template
deformation produces results that are already clinically acceptable
since the confidence intervals for diameters are less than 5mm.

1 3 5 7 1 3 5 7
Radius Perturbation(mm) Radius Perturation(mm)

Bland-Altman : parameter Max 3D diameter (mm), setup:3DUS
Confidence Interval 0.51 [-2.50; 3.52]

12~
10- @ A Diff(R1-R2)
@  Diff(R1-R3)
B Diff(R2-R3)
8
T
£ u
5 6
8
£
2
T 4~
=]
m
]
R 5 s ®
8 o ®
e
a,::; o g m
o © ) A
2
L ® -
4r A
sl . | \ . : : . | .
30 35 40 45 50 55 60 65 70 75

Mean of Max 3D diameter (mm)

Fig.15. Bland-Altman reproducibility study for maximum diameter Diam of 3D-US,
obtained after user corrections. Dashed lines represent standard limits of accep-
tance. Solid lines represent our obtained limits of acceptance.

After corrections, the confidence intervals are reduced to 0.51
[-2.5;3.52] mm showing an improved reproducibility of diameter
measurement (Fig. 15).

Quantification of a partial volume was performed in 3D-US and
comparisons between 3 readers were obtained prior and after user
corrections (Table 7). The results show, as for diameter, that the
confidence intervals are reduced after user corrections. In addition,
the accepted limit of variability of +5mm for diameter (Eq. (8))
was translated into an acceptable variability in volume §v using a
model of an equivalent cylinder of length [ with constant diameter d
(EQ. (9)). The corresponding limits in ml are shown in dashed lines.
Obtained confidence interval is 0.91 [-4.17;5.99] ml. Results show
that the measurement in volume are much less variable than the
current equivalent limit in diameter (Fig. 16).

From T-tests, only R2 and R3 are not significantly different for
diameter and volume measurements in 3D-US (p=0.24, p=0.12).
All other readers comparisons show p-values less than 0.05, show-
ing significant difference of diameter and volume measurements
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Bland-Altman : parameter Max Partial Volume (ml), setup:3DUS
Confidence Interval 0.91 [-4.17; 5.99]
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Fig. 16. Bland-Altman reproducibility study for volumetric parameter from 3D-US,
obtained after user corrections. Dashed lines represent limits of acceptance.Solid
lines represent our obtained limits of acceptance.

Table 6
p-Values for T-tests for all pairs of readers.
Observer pair p (diameter) p (volume)
3D-US (R1,R2) 0.004 0.007
3D-US (R1,R3) 0.005 0.003
3D-US (R2,R3) 0.240 0.126
CT (R2,R3) 0.0013 0.00001
Table 7

Reproducibility for maximum volume Vol parameter measurements in 3D-US. Mean
of differences and confidence interval [(mean —1.96 std);(mean+ 1.96 std)] in ml,
measured before and after user corrections.

Mean of differences
after corrections (ml)

Mean of differences
prior corrections (ml)

Observer pair

(R1,R2) 0.87 [-9.5;11.23] 0.75 [-3.07;4.57]
(R1,R3) 1.55[-11.64;14.73] 1.37 [-4.70;7.44]
(R2,R3) 0.68 [~12.31;13.66] 0.62 [-4.72;5.96]

Overall mean 1.03[-11.15;13.21] 0.91[-4.17;5.99]

in 3D-US and CT (Table 6), however, the effect size was limited as
shown in the Bland-Altman results of the same comparisons.

d-lim<d<d+lim (8)

2 2

T v . T v .
Zl H—llm <8v<zl 1/H+hm 9)

3.5. Diameter and volume reproducibility for 3D-CT

Reproducibility for CT quantification was performed after seg-
mentation corrections and is presented in Figs. 17 and 18. Diameter
quantification confidence interval is 1.00 [-1.68;3.67] mm, well
below the accepted limit of variability of +5mm. Volume quan-
tifications are also below the acceptable limits, with a confidence
interval of 4.10 [-4.11;12.30] ml. Results are summarized in
Table 8.

Bland-Altman : parameter Max 3D diameter (mm), setup:CTModality
Confidence Interval -1.00 [-3.67; 1.68]
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Fig. 17. Bland-Altman reproducibility study for maximum diameter of 3DCT.
Dashed lines represent limits of acceptance. Solid lines represent our obtained limits
of acceptance.

Bland-Altman : parameter Max Partial Volume (ml), setup:CTModality
Confidence Interval -4.10 [-12.30; 4.11]
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Fig. 18. Bland-Altman reproducibility study for volume of 3DCT. Dashed lines rep-
resent limits of acceptance. Solid lines represent our obtained limits of acceptance.

Table 8

Reproducibility for diameter and volume measurements in 3D-CT. Mean of differ-
ences and confidence interval [(mean — 1.96 std);(mean + 1.96 std)] in mm and ml
respectively.

Observer pair

(R2,R3)

Diameter (mm)

~1.00 [~3.67;1.68]

Volume (ml)

~4.10[-12.30:4.11]

4. Discussion

The presented approach, based on template deformations, is a
second version of our AAA quantification software. A first version,
based on non-Euclidean radial basis functions, was used in ear-
lier work (Rouet et al., 2010). Use of such basis functions enabled
direct 3D segmentations, however, they did not integrate a notion
of model or shape. A consequence was the need for more interac-
tions in order to build a segmentation and less intuitive behavior.
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The difference between the 3D-US probes characteristics did not
require specific tuning of the segmentation algorithm. No image
pre-processing such as image harmonization was performed on the
input data.

Segmentation and analysis reported times were in the range
[15-30] min (Bredahl et al., 2013a). The present approach directly
integrates a shape notion through user template definition and
requires less interactions when appropriately defined. Having a
user defined shape that constrains the segmentation copes with
our lack of enough statistical information to create a generic AAA
model (Prevost et al., 2013) and, on the other hand is more general
and more adaptive than fixing an a priori constraining shape for
all cases and modalities. Although they do not refer to the same
data and execution platforms, and compared to reported time for
segmentation in Causey et al. (2013), the time recorded for quan-
tification provide an indication that our approach is faster, with
times in the [2;8] min range.

For segmentation robustness, the results of perturbations only
relate to the template deformation and it should be kept in mind
that there is always a step of user corrections, compensating for ini-
tialization variations. However, if the template is better initialized,
the number of corrections required will be more limited, and case
analysis will be easier and faster.

Regarding segmentation, our proposed approach is a direct 3D
segmentation process, while approaches in Causey et al. (2013) and
Arsicot etal. (2014) use 2D contours combined with interpolations.
For CT segmentations, reported approaches often rely on the detec-
tion of the centerline of the lumen in acquisitions involving iodine
injection. In such cases, lumen is highly contrasted and relatively
easy to detect. The lumen segmentation is then used as a basis for
radial extensions to the aortic sac boundaries. Using our template
deformation approach, iodine is not necessary, which is a direct
benefit for patients, especially for patients with renal failures.

Usability analysis showed a difference in the use of the tool for
CT segmentations. R2 used many correction points compared to R3.
This reflects a limitation of the current tool which is the impact of
template definition. Indeed, a template defined with a shape similar
to the expected shape, for example in terms of centerline tortuos-
ity, requires less corrections and eases the whole quantification
process. Comparing results among modalities, segmentation of CT
images is more time consuming due to the longer extent of imaged
aorta as compared to 3D-US, where only a partial view is avail-
able, showing in most cases a simpler rounded shape. In CT, the
AAA necks are visible and if the template is not set to follow the
variations of centerline curvature, more correction points will be
required, as was observed for user R2.

Regarding quantifications, we ensure that the aorta centerline
has the same definition in both CT and US modalities. Indeed, we use
the centerline of the outer aortic sac, whereas in CT, the centerline
of the lumen is often used. In such cases, the centerline from CT
quantification is different from the 3D-US extracted one and cross-
sections will be extracted differently, leading to more differences
in the quantification results. Regarding the length L considered for
volume measurements, a possibility could be to use the profile of
diameter in order to automatically detect the extremities of the
AAA. If the segmentation covers a longer length than the AAA itself
and includes parts of normal aorta, then the pathological threshold
of 30 mm could be used to define such extremities.

The quantification of AAA with CT and 3D-US is not without lim-
itations. Limited image quality is one reason. For 3D-US, patient
echogeneicity may limit vessel visibility. Some large aneurysms
may be tool large to be imaged in a single volume due to limited
field-of-view, especially if they are close to the skin surface. In addi-
tion calcifications create reflections that reduce image quality. For
CT, a slice thickness larger than 3 mm makes vessel wall detec-
tion and segmentation difficult. In some acquisitions, a low X-ray

dose results in a highly noisy data and also makes segmentation
challenging.

In addition, lack of methodology harmonization prevents from
comparing published studies and thus proposing adapted patient
follow-up strategies.

5. Conclusions

We presented a usable and reproducible approach for the multi-
modality quantification of AAA, based on template deformation.
Results show that the analysis of a volume is performed in [2;8]min.
The confidence intervals for diameter quantifications are 0.51
[-2.5;3.52]mm in 3D-US and -1.00 [-3.67;1.68] mm in CT, val-
ues well below the accepted [—5;5] mm limits of agreement. For
partial volume quantifications, the confidence intervals are 0.91
[—-4.17;5.99] ml for 3D-US and —4.10[-12.30;4.11] ml for CT. These
limits, when reported to equivalent diameter limits, are also well
below accepted limits of agreement.

In order to improve further usability and reproducibility of our
tool, further segmentation automation is foreseen. More research
is still required to enable comparisons of quantifications at differ-
ent times of a patient follow-up that would provide insight on the
patterns of AAA growth. Another area of research is multi-modality
registration between 3D-US partial views of an AAA with CT vol-
umes, to improve clinical decisions when both imaging modalities
are involved, especially at the stage of clinical intervention decision,
when AAA reaches 50 mm.
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