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Abstract: Minimally invasive aortic valve replacement is performed by mini-sternotomy (MS) or
less invasive right anterior mini-thoracotomy (RT). The possibility of adopting RT is assessed by
anatomical criteria derived from manual 2D image analysis. We developed a semi-automatic tool
(RT-PLAN) to assess the criteria of RT, extract other parameters of surgical interest and generate
a view of the anatomical region in a 3D space. Twenty-five 3D CT images from a dataset were
retrospectively evaluated. The methodology starts with segmentation to reconstruct 3D surface
models of the aorta and anterior rib cage. Secondly, the RT criteria and geometric information from
these models are automatically and quantitatively evaluated. A comparison is made between the
values of the parameters measured by the standard manual 2D procedure and our tool. The RT-PLAN
procedure was feasible in all cases. Strong agreement was found between RT-PLAN and the standard
manual 2D procedure. There was no difference between the RT-PLAN and the standard procedure
when selecting patients for the RT technique. The tool developed is able to effectively perform the
assessment of the RT criteria, with the addition of a realistic visualisation of the surgical field through
virtual reality technology.

Keywords: aortic valve replacement; minimally invasive technique; 3D models; image processing;
rib cage

1. Introduction

Aortic valve disease (AVD) has become one of the most common causes of cardiovas-
cular disease in the developed world, causing significant morbidity and mortality [1,2].
The high prevalence of AVD and its increase with age indicate the growing burden of these
diseases. AVD represents a serious and growing public health problem for which adequate
resources are always needed to improve research in diagnosis and treatment [3,4]. Surgical
aortic valve replacement (AVR) by total median sternotomy is the gold standard in the
treatment of symptomatic AVD. Several minimally invasive approaches for AVR have been
proposed to minimise surgical trauma, and their use continues to increase [5-8]. Minimally
invasive aortic valve replacement (MIAVR) is the standard approach in many centres and
has been shown to improve surgical outcomes [9-11]. The surgical approach for MIAVR
is usually via a mini-sternotomy (MS), which provides a 6-10 cm vertical midline skin
incision, which performs a partial ] sternotomy from the third to fifth intercostal space
or a V-shaped MS at the second intercostal space (2nd IS) or third intercostal space (3rd
IS) [12]. The MS technique has the advantage of the reducing ventilation time and length
of hospital stay [13,14]. Another newer and less invasive approach for MIAVR is the right
anterior mini-thoracotomy technique (RT), which is performed through a 5-7 cm lateral
skin incision at the second IS or third IS level starting from the edge of the sternum without
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rib resection [15,16]. RT has shown excellent clinical outcomes in MIAVR procedures, such
as a lower incidence of postoperative atrial fibrillation, reduced blood transfusion and
earlier extubation [17-19]. In addition, the preservation of the sternum by RT would reduce
postoperative pain, respiratory function is improved and the smaller pericardial incision,
together with the lack of manipulation of the right atrium for venous drainage, would
minimise the inflammatory response. With all these aspects, the RT approach could be as-
sociated with lower postoperative morbidities, shorter hospital stay and less rehabilitation
than MS [20-22]. The RT approach is excluded for patients with a history of cardiac surgery,
previous right-sided pleuritis and aortic root dilatation [23]. RT approach is considered
feasible if specific conditions are met regarding the position and distance of the aorta from
the sternum and the angle of the aortic plane in relation to the patient’s axis. With the in-
creasing use of preoperative imaging [24-26], the RT feasibility could be assessed by image
analysis. Approximately 200 surgical procedures (including MS and RT) are performed
at our centre each year. To determine RT feasibility, patients should undergo a computed
tomography (CT) scan to evaluate the anatomical relationships among the ISs, sternum,
ascending aorta and aortic valve. The following criteria define these geometric features:
(i) at the level of the pulmonary artery (PA), the ascending aorta is rightward (more than
half is on the right with respect to the right sternal border); (ii) the distance between the
posterior ascending aorta and the sternum (asD) does not exceed 10 cm; (iii) the « angle
(angle between the angle midline and the inclination of the ascending aorta) should be
>45° [16]. If all these conditions are not met, the MS procedure could be considered as an
alternative technique for MIAVR [20]. The RT criteria as well as the morphological indices
are currently assessed by manual measurements, analysing slice- by-slice volumetric sets
of axial CT images. Therefore, the relative positions in real 3D space are not taken into
account and the procedure for evaluating the criteria is operator dependent. The aim of
this study was to develop a semi-automatic 3D image analysis routine for right thoraco-
tomy (RT-PLAN) that is able to extract all required parameters from 3D CT images. The
RT-PLAN tool can also provide a 3D view of the aorta, sternum, ribs and their relative
spatial relationships as additional features. The developed tool was tested and validated
on the CT datasets of 25 patients scheduled for MIAVR.

2. Materials and Methods
2.1. Image Analysis

The images of 25 patients (14 females and 11 males with an average age of 75 years)
scheduled for MIAVR were retrospectively analysed. All subjects signed an informed
consent form. Preoperative CT images were acquired with a 320-detector scanner (Toshiba
Aquilion One, Toshiba, Japan) during one deep inspiratory breath-hold and were char-
acterised by a pixel size of 0.625 mm, a resolution of 512 x 512 and a slice thickness of
0.5 mm. According to clinical protocols, all datasets were acquired after the intravenous
injection of contrast medium. Manual slice-by-slice 2D measurements taken and recorded
by an experienced surgeon during preoperative planning served as reference. The reference
measurements were performed with the software OsiriX MD v.10.0.1 (Pixmeo, Geneva,
Switzerland). The workflow of the RT-PLAN procedure consists of two main steps. The
first step involves the creation of 3D models of the aorta and anterior rib cage (aRC). The
second step involves the geometric analysis of the aorta and aRC models in 3D space to
evaluate the RT criteria and estimate additional morphological indices.

2.2. Aorta and aRC 3D Models Reconstruction

First, the 3D surface extraction of the aorta and anterior rib cage from the 3D CT
datasets and selection of reference points at the level of the PA bifurcation was performed.
The ascending aorta was segmented using a region growing algorithm (Figure 1a) and
the corresponding 3D surface model and mesh were generated from the obtained mask
(Figure 1b). Basically, the region growing algorithm starts with a seeded region and includes
the neighbouring pixels based on a predefined criterion to determine whether they should
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also be considered as part of the object to be segmented. The selected pixels were added to
the region and the process is repeated to enlarge the region. OsiriX software was used for
this task, which selects the seed on the contrast agent inside the blood vessel. Meshmixer
software (Autodesk Inc., Toronto, ON, Canada) was used to improve the quality of the 3D
mesh of the ascending aorta to obtain a model that can be used in the second step of the
RT-PLAN method. In particular, the segmentation was smoothed by morphological closure,
which also fills any possible small holes [27]. The centreline of the aorta was also extracted.
The second part of the workflow is dedicated to aRC segmentation. Due to the presence of
cartilage components in the anterior rib tract, the aRC region is characterised by a wide
range of greyscales, making use of the region growing algorithm for aRC reconstruction
(RG-aRC) unsuitable due to excessive processing time. To overcome this limitation, a faster
alternative and semi-automatic approach (ROI-aRC) for generating the aRC surface model
was defined and implemented. The reconstruction of the sternum and the initial part of
the first five ribs was performed by developing a specific algorithm based on four main
steps. Firstly, for each of the five ribs, four ROIs were drawn in sagittal view (Figure 1c) on
the right and on the left of the sternum (Figure 1d). Second, five regions of interest (ROIs)
were traced along the sternum in the axial view of the CT dataset ( Figure 1d,e). In the
third step, the ROIs of the ribs and sternum were converted into polylines and different
lofts were generated to connect adjacent polylines to reconstruct each rib tract and the
sternum (Figure 1d). Finally, all created parts of the rib cage were joined together to obtain
the final aRC surface model in STL format (Figure 1f). The centrelines of all ribs and the
sternum were also extracted. The delineation of the ROIs and the creation of the 3D surface
model were performed using the FreeCAD programme (www.freecadweb.org), which is
integrated with Python 3.6 software by implementing a custom routine.

CT Images Image Segmentation Aorta 3D Model

(@) (b)

-

aRC Segmentation / K aRC 3D Model /

(d) (e) (f)

Figure 1. Procedure for aorta and aRC 3D models reconstruction.

2.3. RT Inclusion Criteria Evaluation and Geometric Parameters Extraction

The second step of RT-PLAN allows the automatic assessment of the RT criteria and
the extraction of the geometric parameters of surgical interest from the 3D surface model
of the ascending aorta [28] and the aRC. The rightward placement of the aorta in relation
to the sternum (first RT criterion, Figure 2a) is verified by comparing the 3D coordinates
of the right sternal border and the 3D coordinates of the ascending aortic centreline at the
level of the pulmonary bifurcation. For the assessment of the second RT criterion, planes
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perpendicular to the sternum were automatically extracted based on the sternal centreline
and the intersection with the surface of the aorta was calculated, allowing the calculation of
the asD index ( Figure 2b). Finally, the « angle (third RT criterion) was calculated starting
from the direction of the aortic centerline in the valve area with respect to the foot-to-head
(FH) direction ( Figure 2c). The reference measurements on the CT images are also shown
in Figure 2a—c for comparison.

asD index

(b)

Accessible
valve plane

Thoracic
surface

a angle

(c) (d)
Figure 2. RT inclusion criteria evaluation (a—c) and a patient-specific virtual “planning/surgery” (d).

Other geometric parameters useful for surgical technique such as the maximum
diameter of the sino-tubular junction (S]D), the perimeter of sino-tubular junction section
(SJP) and the width of the sternum (SW) were also extracted. To identify the sino-tubular
junction, a specific routine was implemented to analyse the shape of the aortic cross-sections
based on the circularity shape factor (47tA/ P2), where A and P are the cross-sectional area
and perimeter, respectively. The sino-tubular junction is identified as a loss of circularity
with respect to the aortic cross-sections. Other parameters of interest are the width of the
2nd IS and 3rd IS and the distance between the incision position and the centre of the
section of the sino-tubular junction (IV).

To facilitate an easier understanding of the relative spatial relationships between 3D
surface models and to promote virtual analysis during preoperative planning, the RT-PLAN
provides a visualising 3D interface. In particular, the procedure allowed the qualitative 3D
visualisation of the position of the ascending aorta in relation to the sternum by defining a
sagittal plane intersecting with the right sternal border and a coronal plane at 10 cm from
the sternal surface.

An important aspect of the RT surgical technique is the characterisation of the field
of view through which the aortic valve can be accessed, both in terms of the visible
valve area and the angle of view. Finally, the RT-PLAN could provide a patient-specific
virtual “planning/surgery” consisting of a 3D reconstruction of the surgical incision and
an interactive assessment of the possible viewing directions of the surgeon during the
procedure. In addition, the tool provides the maximum visible area of the sino-tubular
junction and the viewing direction closest to the perpendicular view of the valve plane,
taking into account the surgeon’s distance from the aortic valve along with the surgical
incision position (Figure 2d). The second step of the RT-PLAN was implemented in Python
and VTK/VMTK languages.
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2.4. Validation and Statistical Analysis

The accuracy of the aRC model reconstructed using the ROI-aRC approach was as-
sessed by estimating the error in model reconstruction (Erec). The Ere. value was calculated
as the distance of the mesh vertices between the aRC model obtained with the RG-aRC
technique and the aRC model constructed with the implemented approach in a subset of
5 patients. Validation of the RT criteria and the 3D extracted geometric parameters (SJD,
SJP, SW) was performed by comparing the RT-PLAN results with the recorded manual 2D
measurements performed by an expert during preoperative planning using the Osirix MD
software. The assessment of the RT criteria using the manual 2D approach consists of the
visual assessment of the correct placement of the aorta in relation to the right sternal border
(Figure 2a), the measurement of the asD in the axial view (Figure 2b) and the calculation of
the a angle in the coronal view (Figure 2c). To assess the statistical significance of the differ-
ences found, the paired t-test was used based on the features extracted by both methods. A
p value of 0.01 was considered significant. Agreement between RT-PLAN and the manual
methods was assessed using Bland—Altman analysis and Pearson’s correlation analysis.

3. Results

The validity of RT-PLAN developed tool was demonstrated since the extraction of all
features of interest was possible for each analysed subject.

3.1. Segmentation and 3D Model Reconstruction

The surface models of the ascending aorta and the aRC portion were successfully
reconstructed for all datasets. The generation of the surface model of the aorta took
10.1 & 2.3 min. The reconstruction of the aRC surface model by our approach required
9.2 £ 3.4 min. Note that operator intervention is only required for the phase of ROI tracing
in any plane, which took most of the time. For comparison, the aRC surface model built
using the RG-aRC approach could even take several hours. Figure 3a shows the bar plot of
the Eye. for a representative case. The mean distance between the two models was 1.40 mm
and ranged from 7.14 x 107> mm to 7.15 mm; a spatial map of the E distribution on the
sternum-ribs surface model is shown in Figure 3b. Analysis of the five patients showed a
mean E.. value of 1.38 4= 0.26 mm.

7.15

3.57

0.00 l
1 T T T 1

74410 soa10! 179 268 358 447 536 626 7.5

Distances (mm)
(a) (b)

Figure 3. Bar plot of the E¢ for a representative case. Only 121 vertices show a distance of more than

2500 —

Number of vertices
Distances (mm)

4.47 mm on a total of 5070 mesh points and of these, only 26 present a distance ranging between 5.36
and 7.15 mm (a). The spatial localisation of Erec to visualise which regions present the minimum and
maximum differences between the two approaches for aRC reconstruction (b).

3.2. RT Inclusion Criteria Evaluation and Geometric Parameters Extraction

The RT criteria estimation was feasible in all cases and the aforementioned morpho-
logical features were extracted for all 3D models. The results of the t-test analysis were
reported in Table 1. A non-significant difference between the measures performed by an
expert operator in 2D space and measures extracted with an RT-PLAN tool was found for
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RT criteria, SJP and SW parameters; the S]D revealed a significant difference between the
two methodologies. Pearson’s correlation coefficients between the manual measurements
and RT-PLAN for RT inclusion criteria, SJD, SJP and SW evaluation ranged from 0.947 (SW)
t0 0.999 (asD).

Table 1. Comparison between the reference method and the RT-PLAN tool for direct and
derived measures.

Parameter RT-PLAN Reference
asD (cm) 7.50 +1.10 747 +1.10
a(°) 48.16 +10.2 47.76 + 9.64
SJP (cm) 9.57 £ 1.46 9.55 +1.38
SJD (cm) 315+ 048! 3.08 £ 0.47
SW (cm) 2.82 +0.43 248 +0.44

1'p <0.001.

The Bland—Altman analysis showed no significant bias for both observers for the direct
(« angle and asD) (Figure 4a,b) and derived measures (SJP, SJD, SW) (Figure 4c—e).
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Figure 4. Bland—Altman plot for « angle (a), asD (b), SJP (c), SJD (d) and SW (e) parameters.

The reference procedure and RT-PLAN method were able to classify the patients stud-
ied in the same way on the basis of each RT criteria. In particular, the ascending aorta was
found rightward in relation to the sternum in the same 10 subjects with both the RT-PLAN
and the reference method; asD was found <10 cm in 24 subjects (RT-PLAN: 7.38 £ 0.95 cm,
reference 7.36 &= 0.96 cm) and in only one case did it result in >10 cm (RT-PLAN: 10.39 cm,
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reference 10.22 cm); the « angle was >45° for 14 subjects (RI-PLAN: 54.91° 4= 7.87°, ref-
erence 54.09° £ 7.2°) and it was <45° for 11 subjects (RT-PLAN: 39.58° £ 5.10°, reference
39.71° £ 4.22°). The RT inclusion criteria were met in the same six patients using both
methods. A statistical analysis of asD, « angle, SJP, SJD and SW for subjects eligible and
ineligible for RT is presented in Table 2. In addition, the indices extracted only with the
RT-PLAN tool (2nd IS width, 3rd IS width and IV) are given. No significant difference was
found between RT and no RT subjects.

Table 2. Indices values for all parameters examined for both subjects suitable and unsuitable for RT.

Patients RT (n = 6) Patients NO RT (n =19)
Parameters Reference RT-PLAN Reference RT-PLAN
Rightward aorta (%) 100 100 21 21
asD (cm) 7.55 +0.49 7.57 +0.48 740 +1.24 743 +1.25
a(®) 51.54 +3.98 52.35 +4.16 46.79 +10.80 46.96 +11.43

SJP (cm) 9.27 +0.65 9.28 +£0.73 9.53 +1.51 9.55 +1.59
SJD (cm) 2.97 £0.20 3.06 +£0.23 3.08 +0.51 3.14+052

SW (cm) 2.64 +0.44 2.63 +0.46 2.89 +0.42 2.87 +£0.41

2nd IS width (cm) - 2.15+0.35 - 2.07 +£0.55
3rd IS width (cm) - 1.90 +£0.25 - 1.64 +£0.38
IV (cm) - 8.02 +0.53 - 8.35+ 0.80

4. Discussion

MIAVR resulted to be a valid technique with many clinical advantages over traditional
surgical approaches for AVR. Among these MIAVR strategies, the RT technique has shown
the best clinical outcomes in terms of postoperative pain, short recovery time and cosmetic
results. The feasibility of the RT procedure is ensured if certain criteria related to the
anatomical location of the aorta and sternum are met. Until now, RT criteria have been
assessed by extracting manual measurements from axial CT images, not taking into account
the relative positions in real 3D space and the dependence on the expert who performs
the analysis. In this work, we developed a novel method to assess the RT criteria starting
from a 3D model reconstruction of the anterior rib cage and ascending aorta. Our system
was developed to extract the RT required measurements in 3D anatomical space in a semi-
automatic way and to allow the assessment of additional morphological features. In this
way, manual and operator-dependent 2D image analysis currently used in preoperative
planning [20] were transferred to a 3D space to reduce operator-induced variability and
improve patient selection.

The aorta segmentation was performed using an established approach [28,29]. As
the segmentation of the ribs is a difficult task [30,31], a dedicated tool was developed to
generate a 3D surface model of the sternum and the starting tracts of the first five ribs
in a fast, semi-automatic and reproducible way. The model created with our approach
ensures a good level of confidence (Figure 3a). The working time required for the RT-PLAN
procedure was approximately 20 min, which is compatible with clinical practise, with a sig-
nificant reduction in the required process time and manual interaction. The non-significant
difference between the reference and RT-PLAN procedures for asD, « angle, SJP and SW
assessment confirms that the two techniques are interchangeable (Table 1). The significant
difference in the SJD measurement results from the fact that RT-PLAN extracts the actual
maximum diameter of the sino-tubular junction, whereas the manual method traces the
diameter manually on axial views, leading to possible systematic underestimations. The
reference method and the RT-PLAN method were able to classify the examined patients in
the same way based on each of the RT criteria. The proposed approach allowed clinical
decision making about patients scheduled for MIAVR procedures to be supported in a rapid
and reproducible manner. The analysis of real patient data confirmed the effectiveness of
the method. The proposed methodology allows for the extraction of further interesting
parameters through minor modifications of the algorithm. As shown in Figure 2d, the
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proposed method enables the realistic visualisation of the surgical field through virtual
reality technology. Although the usefulness of this approach was not evaluated in this
study, it could add value to MIAVR planning. Despite the encouraging results with clinical
evidence, some limitations still remain. A prospective study could be useful to evaluate
the improvement in surgical outcome with the proposed RT-PLANE tool compared to
the standard manual pre-planning procedure. Although the processing time required by
RT-PLAN is a reasonable time for MIAVR pre-planning, it could be further reduced to limit
its impact in the clinical setting. The processing time mainly refers to the segmentation
phase to obtain aortic and aRC models. Deep learning approaches for medical image
processing [32] and segmentation [33] are becoming increasingly common and could be a
potential strategy to dramatically increase RI-PLAN time costs through fully automated
and fast aRC and aortic reconstruction.
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