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Abstract:

Clinical examination is crucial during diagnostics of many diseases, including carotid
artery disease. One of the most commonly used imaging techniques is the ultrasound (US)
examination. However, the main drawback of US examination is that only two-dimensional
(2D) cross-sectional images are obtained. For a more detailed analysis of the state of the
patient’s carotid bifurcation it would be very useful to analyze a three-dimensional (3D)
model. Within this study, an improved methodology for the 3D reconstruction is proposed.
US images were segmented by using deep convolutional neural networks and lumen and
arterial wall regions are extracted. Instead of using a generic model of the carotid artery as the
basis that is further adapted to the particular patient with individual US cross-sectional
images, in the presented approach the longitudinal cross-sectional US image of the whole
carotid bifurcation is used to extract the shape of the whole geometry, which ensures more
realistic 3D model. Computer Al-based 3D reconstruction of patient-specific geometry could
ensure more complete view of the carotid bifurcation, but also this geometry could be further
used within numerical simulations such as blood flow simulation or simulation of plaque
progression, that could provide additional quantitative information useful for clinical
diagnostics and treatment planning.
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1. Introduction

Computer-aided systems for automated detection and classification based on artificial
intelligence have been presented in literature [1,2]. Machine learning and deep learning
techniques have been applied for segmentation of medical images [3,4]. Clinical examination
may have a crucial role in diagnosis of many diseases, including carotid artery disease. Within
this particular examination, several imaging techniques are applied in order to analyse the
state of patient’s arteries and to detect possible atherosclerotic lesions. Imaging techniques



Milos Anic, Tijana Djukic, Branko Gakovic, Branko Arsic, Nenad Filipovic, Improved Three-Dimensional
Reconstruction of Patient-Specific Carotid Bifurcation Using Deep Learning Based Segmentation of
Ultrasound Images

include computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound (US)
examination. US imaging is fast, noninvasive and inexpensive and is, therefore, in most cases
the first method applied in diagnostics. However, the main drawback of US examinations is
that only two-dimensional (2D) cross-sectional images are obtained. In order to perform a
more detailed analysis of the state of the patient’s carotid bifurcation, it would be very useful
if a three-dimensional (3D) model were available. For this purpose, the 3D reconstruction was
performed in literature by using the available 2D cross-sections [5]. Within this approach, the
US images were segmented by using U-Net [6] based deep convolutional neural networks
(CNN). The accuracy of this approach was validated against clinically measured parameters
[7]. However, the main drawback of the presented method is that it uses a generic carotid
bifurcation model as the basis and then the available segmented data is attached onto this
model to adapt it to the specific patient. This method is further expanded within this study by
segmenting US images that contain whole carotid bifurcation and also by including more US
transversal cross-sections. In this way, a more detailed 3D geometry of the patient-specific
carotid bifurcation is obtained and this geometry can be further used for both simple visual
analysis and quantitative analysis of blood flow parameters obtained in numerical simulations.
The paper is organised as follows. Details of the applied improvements of the reconstruction
methodology are discussed in Section 2. Results for the 3D reconstruction of a particular
patient are presented in Section 3, together with an illustration of the benefits of the presented
improvements. Section 4 concludes the paper.

2. Materials and Methods

The methodology for 3D reconstruction using US images segmented with deep learning
techniques is described extensively in literature [5,7]. In this paper, only the basic idea will be
described. Deep learning techniques are used to segment US images and extract the [umen
and wall of the carotid bifurcation. The data from transversal US images are used to define
the cross-sections of the appropriate branches of the carotid artery (internal carotid artery
(ICA), external carotid artery (ECA) and common carotid artery (CCA)). The data from
longitudinal US images are used to define the shape of the arterial branches. Segmented data
are preprocessed to create B-spline curves that are then projected onto the trihedron normal-
binormal plane [8] along the centerline of each branch. In this way, the NURBS surface [8] is
generated and further used to generate the 3D finite element mesh of the reconstructed
geometry.

2.1 Deep learning segmentation

Similarly to the previous studies [5,7], a clinical data set is used to train the CNNs. The
clinical data set consisted of both longitudinal and transversal US images. The difference
from previous studies is that in this case, the dataset contained longitudinal images where the
whole carotid bifurcation was visible. Also, the dataset included a larger number of
transversal images, instead of only 3 that were available in the previous studies. The CNNs
were trained and later used to segment both lumen and arterial wall from both types of
images. The clinical dataset for one particular patient is shown in Figure 1A. The segmented
data obtained from the deep learning module is shown in Figure 1B.
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Fig. 1. Proposed methodology for 3D reconstruction; A - Original US images; B - Segmented data
using deep learning module; C - Reconstructed model.

2.2 Improved three-dimensional reconstruction

Within cited literature [5,7], the generalised model of the carotid artery is adapted to the
particular patient, by using the longitudinal US image only for the ICA branch. As already
mentioned in Section 2.1, within this study the longitudinal US images contained the whole
carotid bifurcation. Hence the segmented data included lines of the lumen and wall for all
three branches, as illustrated in Figure 1B. These lines are then used to define the shapes of all
three branches. Instead of using a single transversal US image for the definition of cross-
sections for the whole branch, which was the case in the previous model, now the transversal
cross-sections were inserted in the appropriate place along the carotid bifurcation, by
matching the values of diameter from longitudinal and transversal US images.

3. Results

Fig. 2. Comparison of two reconstructed carotid bifurcations; A — reconstructed geometry using
the generic model as the basis, as shown in [5]; B —reconstructed geometry using the improved
methodology presented in this study.

Figure 1 shows the reconstruction process. The obtained reconstructed 3D finite element
mesh for the patient is shown in Figure 1C. The cross-sections of the reconstructed geometry
are shown together with extracted plaque components. A comparison of the patient-specific
reconstructed mesh using the previously proposed approach [5,7] and the approach presented
in this study is shown in Figure 2. Both models are shown in the sectioned arterial wall, in
order to illustrate the shapes of lumen and arterial wall. As it can be observed, the shape of the
ECA and CCA branches is no longer generic and straight, but adapted to the patient. Also, the
exact orientation, i.e. the angle between the branches, is now patient-specific instead of
generic as in the previous model. It is obvious that the changes introduced within the
methodology provide a more detailed and realistic model of the carotid bifurcation.
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4. Conclusions

A detailed analysis of the state of patients’ arteries is a crucial step in the diagnostics.
Computer Al-based models could be a very useful tool that could help determine and plan the
most appropriate treatment. The 3D reconstruction of patient-specific geometry could ensure
a better view of the carotid bifurcation, but this geometry could be further used within
numerical simulations such as blood flow simulation or simulation of plaque progression, that
could provide additional quantitative information. The improved reconstruction methodology
presented within this study is a step towards a more broad application of Al-based computer
models in clinical practice.
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