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Abstract

Background: Minimally invasive mitral valve repair or replacement (MIMVR) approaches have been increasingly
adopted for the treatment of mitral regurgitation, allowing a shorter recovery time and improving postoperative quality
of life. However, inadequate positioning of the right mini thoracotomy access (working port) translates into suboptimal
exposure, prolonged operative times and, potentially, reduction in the quality of mitral repair. At present, we are
missing tools to further improve the positioning of the working port in order to ameliorate surgical exposure in a patient-
specific fashion. Methods and evaluation of the hypothesis: We hypothesized that computation of relevant anatomical
measurements from preoperative CT scans in patients undergoing MIMVR may provide patient-specific information in
order to propose the surgical access that best fits to the patient’'s morphology. We hypothesized that this may
systematize optimal mitral valve exposure, facilitating the procedure and potentially ameliorating the outcomes. We
also hypothesized that preoperative simulation of the working port site and surgical instruments’ insertion using a
three-dimensional virtual model of the patient is feasible and may help in the customization of ports positioning. The
hypothesis was evaluated by a multidisciplinary team including cardiac surgeons, experts in medical image processing
and biomedical engineers. CT scans of 14 patients undergoing MIMVR were segmented to visualize 3D chest bones
and heart structures meshes. The mitral valve annulus is pointed manually by the expert or extracted automatically
when contrast-enhanced CT scan was available. The valve plane was then calculated and the optimal incision location
analyzed according to a) the perpendicularity and b) the distance between the intercostal spaces and the valve plane.
An angle-chart representation for the 4th, 5th and 6th intercostal spaces and a color map illustrating the distance
between the skin and the mitral valve were created. We started the development of a simulation tool for preoperative
planning using 3D Slicer software. Conclusions: Several patient-specific factors (including the orientation of the mitral
valve plane and the morphology of the chest cage) may influence the performance of a MIMVR procedure, but they
are not quantitatively considered in the current planning strategy. We suggest that the clinical results of MIMVR can be
improved through preoperative virtual simulation and computer-assisted surgery (through determination of working
port and surgical instruments insertion positioning). Further research is justified and the development of a software tool
for clinical evaluation is warranted to verify the current hypothesis.
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Please find enclosed the electronic version of the manuscript entitled “Patient-
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In the context of the treatment of mitral valve disease, minimally invasive techniques
are increasingly employed in order to minimize the rate of post-operative complications
and reduce recovery times. In such techniques, limited working space requires optimal
positioning of the right minithoracotomy incision (the so-called working-port). Currently the
decision of the incision site for the working port is based, primarily, on the surgeon's
intuition; nevertheless, this choice directly affects the access to the surgical site and the
maneuvering dexterity of the long-shafted surgical instruments. At present, we are missing
tools to further improve the positioning of the working port in order to ameliorate surgical
exposure in a patient-specific fashion. Herein, we hypothesized that: 1 — In patients with
minimally invasive mitral valve surgery (MIMVS) indication, the analysis of the mitral valve
plane and its spatial relationship with the thoracic cage, through segmentation and three
dimensional reconstruction of the patients’ CT scan may provide the determination of
incision location for the working port in a patient-specific fashion. 2 — In candidates to
MIMVS, pre-operative simulation of the working port site and surgical instruments’
insertion by navigating in a three-dimensional virtual model of the patient can be a useful
tool for pre-operative planning. The choice of the resulting working port and the use of a
software tool for the planning of MIMVS might allow improved mitral valve exposure and
optimized orientation of surgical instruments relative to the target. Herein we provide initial
validation of the first hypothesis through original empirical data, and discuss the rationale
of both hypotheses. Such research pathway could determine a decrease in operative

times.
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Abstract

Background: Minimally invasive mitral valve repair or replacement (MIMVR) approaches have
been increasingly adopted for the treatment of mitral regurgitation, allowing a shorter recovery time
and improving postoperative quality of life. However, inadequate positioning of the right mini
thoracotomy access (working port) translates into suboptimal exposure, prolonged operative times
and, potentially, reduction in the quality of mitral repair. At present, we are missing tools to further
improve the positioning of the working port in order to ameliorate surgical exposure in a patient-

specific fashion.

Methods and evaluation of the hypothesis: \We hypothesized that computation of relevant anatomical
measurements from preoperative CT scans in patients undergoing MIMVR may provide patient-specific
information in order to propose the surgical access that best fits to the patient’s morphology. We
hypothesized that this may systematize optimal mitral valve exposure, facilitating the procedure and
potentially ameliorating the outcomes. We also hypothesized that preoperative simulation of the
working port site and surgical instruments’ insertion using a three-dimensional virtual model of the
patient is feasible and may help in the customization of ports positioning. The hypothesis was
evaluated by a multidisciplinary team including cardiac surgeons, experts in medical image processing
and biomedical engineers. CT scans of 14 patients undergoing MIMVR were segmented to visualize 3D
chest bones and heart structures meshes. The mitral valve annulus is pointed manually by the expert or
extracted automatically when contrast-enhanced CT scan was available. The valve plane was then
calculated and the optimal incision location analyzed according to a) the perpendicularity and b) the distance
between the intercostal spaces and the valve plane. An angle-chart representation for the 4th, 5th and 6t

intercostal spaces and a color map illustrating the distance between the skin and the mitral valve



were created. We started the development of a simulation tool for preoperative planning using 3D

Slicer software.

Conclusions: Several patient-specific factors (including the orientation of the mitral valve plane
and the morphology of the chest cage) may influence the performance of a MIMVR procedure, but
they are not quantitatively considered in the current planning strategy. We suggest that the clinical
results of MIMVR can be improved through preoperative virtual simulation and computer-assisted
surgery (through determination of working port and surgical instruments insertion positioning).
Further research is justified and the development of a software tool for clinical evaluation is

warranted to verify the current hypothesis.



Text

INTRODUCTION

Mitral regurgitation (MR) is the second most common heart valve disease with surgical indication
(1). In primary MR, the valve components are themselves structurally pathological, whereas
secondary MR is the expression of a left ventricular disease. Currently, the gold standard treatment

for severe primary MR is mitral valve repair, which is to be preferred over valve replacement surgery

2).

Although conventional median sternotomy remains a common approach for the performance of
mitral surgery, efforts have been undertaken to develop less invasive surgical approaches in order to
minimize the rate of post-operative complications and reduce recovery times. Currently, minimally
invasive approaches have been adopted by many cardiac surgery centers as reference techniques,
allowing not only better cosmetic results but also improving patients' quality of life (3-7). The most
widely performed technique for minimally invasive mitral valve repair or replacement (MIMVR)
involves the use of a right 7-to-5 cm antero-lateral mini thoracotomy, the so-called working port,
through which dedicated instruments are inserted in order to reach the mitral valve through the right
pleural cavity. Another incision in a more cranial and lateral position allows the placement of a 30-
degrees thoracoscope to achieve high-definition vision of the mitral valve. An atrial retractor is
inserted, generally, through the same intercostal space (ICS) of the working port, lateral to the
parasternal line. Such retractor allows maintaining the left atrium wide open and an anterior
displacement of the mitral valve plane (8). After the establishment of extracorporeal circulation and
cardiac arrest by cardioplegic protection, any sort of procedure on the mitral valve can be conducted

(9, 10).

Operative times in MIMVR are still longer compared to conventional strategies (11). The
minimization of both cardiopulmonary bypass and aortic clamp times is associated with better
outcomes in cardiac surgery (12). In MIMVR, limited working space requires optimal positioning of the
right minithoracotomy incision, in order to facilitate the technical performance of the operation.
Inadequate positioning of the working port translates into suboptimal exposure, prolonged operative

times and, potentially, reduction in the quality of mitral repair (9, 13). The localization of incisions in



minimally invasive surgery, in fact, directly affects the access to the surgical site and the maneuvering
dexterity of the long-shafted surgical instruments (14, 15) (Fig. 1). The decision of the incision site
(working port) has been based so far on general anatomical principles, based on external landmarks
and surgeon’s intuitive adaptation to the patient's characteristics. However, these criteria remain
empirical and expose to suboptimal access in a significant proportion of patients (16, 17). Chest
anatomy and localization of the mitral valve with respect to the chest wall structures is variable

among individual patients.

At present, we are missing tools to further improve the positioning of the working port in order to
ameliorate surgical exposure in a patient-specific fashion, with the ultimate goal of reducing

intraoperative times and facilitate effective mitral repair.

THE HYPOTHESIS

We postulated that:

1 — In patients with MIMVR indication, the analysis of the mitral valve plane and its spatial
relationship with the thoracic cage, through segmentation and three dimensional reconstruction of
the patients’ CT scan may provide the determination of incision location for the working port in a
patient-specific fashion. The choice of the resulting working port might allow improved mitral valve

exposure and optimized orientation of surgical instruments relative to the target.

2 — In candidates to MIMVR, pre-operative simulation of the working port site and surgical
instruments’ insertion by navigating in a three-dimensional virtual model of the patient can be a
useful tool for pre-operative planning. A software tool for preoperative planning of the optimal

working port location in MIMVR is feasible.

Effective mitral valve reach using long-shafted surgical instruments through an optimal position of
the working port emerges from clinical experience to facilitate the surgical procedure on the valve,
with consequent decrease in cardiopulmonary and cross-clamping times, ultimately improving

outcomes.



EVALUATION OF THE HYPOTHESIS

For the study design and the preliminary evaluation of the hypotheses, we assembled a dedicated
research team consisting of a cardiac surgeon specialized in MIMVR (AA), two experts in medical
image processing for innovative clinical applications (MC, PH) and a biomedical engineer (YG) (18). We
retrospectively selected 14 consecutive patients undergoing endoscopic MIMVR at a single University
cardiac surgery center. These patients underwent preoperatively a chest CT scan with or without
contrast enhancement. The indication to mitral surgery was decided according to the current

guidelines (1, 19).

CT images must show sufficient visibility of the mitral valve annulus to have limited artifacts and
noise. Artifacts can be due to implanted endovascular devices such pacemaker or internal automatic

defibrillator leads (as usual gray values were calibrated on the Hounsfield scale).

CT scan investigations were performed preoperatively, as part of routine clinical management, in
order to exclude potential contraindications to MIMVR (such as significant aortic atherosclerosis,
severe calcification of the mitral annulus, aortic aneurysm or tortuosity, disease of the iliofemoral

vessels).

All the acquired CT images were processed in order to obtain a three-dimensional reconstruction
of the cardiac chambers, in particular of the mitral valve plane, and of the thoracic cage. Three-
dimensional reconstruction was achieved through a semi-automatic segmentation process for those
patients who had undergone a contrast-enhanced CT scan, and through manual placement of fiducial
markers on the mitral valve annulus for those in which CT scan had been performed without contrast
injection. The proposed planning system has been integrated into 3D Slicer, a software platform for

the analysis and visualization of medical images (20).

Methods

The CT images were segmented to extract the skin contour, the chest bones and the vascular

structures, as well as the localization of the ribs. If CT scan was done with contrast enhancement, the



intersection between the segmented structure of the left ventricle and the segmented structure of
the left atrium provided the anatomical region corresponding to the mitral valve; the valve plane was
then automatically calculated from this intersection. If the CT scan was done without contrast
enhancement, the mitral valve annulus was pointed manually by the expert, and then the valve plane

was automatically calculated from these landmark points.

We evaluated the definition of simulated optimal exposure of the mitral valve by several potential
parameters. Initially, a perpendicular relationship between the ribs (throughout each one and their
interspaces) and the mitral valve plane was defined as a mean to identify the optimal incision site

(working port).

Skin segmentation

The skin surface was segmented by using a 3D region growing method (21). The seed point was
placed automatically in the empty region of the CT that was not occupied by the human body. Then

the contour of the skin was extracted applying a simple Sobel edge detection process.

Thoracic bones segmentation

A binary image was produced from the original CT images by applying a gray-level thresholding
method. This binary image contains only the bones structures. If the CT scan was performed with

contrast enhancement, a binary mask was used to eliminate the vascular structures.

Heart segmentation

A Multi-Atlas segmentation method proposed by Kirisli et al. (22) was used to obtain a multi-
labeled image from the original CT scan with contrast enhancement and its corresponding surface

models.

Intercostal spaces localization

Based on the works of Li et al. (23) et Zhang et al. (24), we developed an algorithm for extraction
and labelling of individual ribs structures with a recursive tracking on coronal slices spreading from
the middle coronal slice. The process starts with the identification of the ribs contours in the mid-

coronal planes. A connected-component labelling function was used to identify each rib region and its



contour. A condition about the region size was given in order to eliminate the noise (no-rib structure).
The ribs contour was surrounded by using the smallest encompassing circle (25) and then extract the
circle centre as rib position. The ICSs locations were obtained by computing the midpoints between
two consecutive circle centres. The tracking process continues in both directions, toward the sternum

and toward the spinal column.

Mitral valve plane

If the surface models of the ventricle and atrium were present, the mitral valve plane was
calculated based on the set of points extracted from the intersection of both models. If not, the mitral

valve plane was calculated based on the landmarks manually pointed by the expert (Fig. 2).

Optimal incision location

We defined a measure based on the perpendicularity between a point along a given intercostal
space (ICS) and the valve plane. This measure was defined as the angle with respect to the
perpendicular plane to the mitral valve. If the angle is 90 degrees, then the incision in this place would
show good visibility of the mitral valve. If the angle is much less than 90 degrees, the visibility of the
mitral ring would be worse. We represent the possible areas of incision between the 4th, 5th and 6th
ICSs as a color map representing the possible incision zones according to angle between the valve

plane and the ICS.

Distance from the skin to the valve

We measured the distance between the skin and the valve plane in order to show the working

distance. The distance was represented in a color map over the skin segmentation.



CONSEQUENCES OF THE HYPOTHESIS

In MIMVR, optimal exposure and excellent access to the mitral valve are essential. Given the
minimal size of the incision, and the avoidance of costal spreading when a fully endoscopic technique
with endo-clamping is employed (13), optimal alighment with the mitral valve is pivotal. In fact, valve
procedure is performed using long-shafted instruments which extremity has limited degrees of
freedom. Optimal alighnment between the operator’s hands and the valve, as well as limited distance
as possible, facilitate the surgical gesture and allows the operator to fully focus on valve repair. The
consequent reduction of CBP and aortic clamp times are expected to translate into minimization of

operative morbidity.

Currently, the 4th right ICS is most frequently used site for the working port. This choice is mainly
due to generalist topographic anatomic concepts, and tailoring on specific patients is done in a limited
and non-standardized way. The incision at the 4th interspace may force the surgeon to operate with
insufficient alignment or excessive distance from the mitral valve, depending on individual patients’
conformation. Additionally, specific comorbidities (such as kyphoscoliosis or other chest deformities)
represent a questioning for exposure and even feasibility of MIMVR, and in these circumstances tools

for assessment are cruelly lacking.

Herein, we formulate the hypothesis that MIMVR can be facilitated and standardized through
dedicated preoperative planning. In order to support such hypothesis, we conduct the preliminary
developments of a software tool for preoperative planning of the working port, customizing the
analysis for each specific patient. Such method, based on segmentation, 3D reconstruction and
analysis of pre-operative CT scans, is aimed at achieving optimal exposure of the mitral valve and
greater freedom of movement of instruments within a restricted surgical field. Computer-assisted
surgery is a complex specialty which includes and integrates different disciplines, such as image
analysis and processing, pre-operative planning, virtual reality and interactive simulation (26). It was
applied for the first time in neurosurgery in the 1980s, later also in maxillofacial surgery, orthopedics
and more recently in cardiac surgery for the treatment of coronary artery disease (27-29). The current

initial work may open the pathway for application in the pre-operative planning of MIMVR.



Our first approach was based on the optimal ICS to incise resulting from the intersection of a line
passing through the mitral valve plane with a perpendicular line passing through the center of this
plane. The results of this approach in our patient population are shown in Table n. 1. The angles are
calculated for the ICSs comprised between the third and the sixth. As can be appreciated from the
table, the ICS showing most frequently an angle closer to 90° with respect to the mitral valve plane is
most frequently the third interspace, in a quite posterior position. Nonetheless, the use of this space
in such region is not technically feasible, especially due to the presence of bone structures (i.e. the
scapula), that prevent the insertion of surgical instruments. The 4th ICS actually proves to be a viable
option for most patients. This corresponds to the choice, essentially qualitative, reported in the
literature (30). However, for several subjects in our population, the angle described at the 4th
interspace is clearly less than 90 degrees. This implies intraoperative adaptation to visualize the mitral
valve. ICS angle data also suggest that in several cases an approach through the 5th ICS could have
been considered (proximity of the angle described by this space with the orthogonal line to the mitral
valve plane). Indeed, patient M13 necessarily received incision in the 5th ICS due to the presence of
non-mobilizable breast implants; the calculated angle was 85°. Therefore, the pre-operative analysis
of the angle described between the mitral valve plane and each ICS allows us to verify which space

determines an "en face" visualization of the mitral valve.

In a further development step, we used 3D slicer to obtain a representation of the angles
described between the mitral valve plane and every individual point along the entire length of ICSs
(from the vertebral column towards the sternum). In Figure 4, purple color describes points with

angles closer to 90 degrees (‘angles chart’). In this interface the user can visually assess which region



in each ICS has the greatest number of points perpendicular to the mitral valve. It is also possible to

prospect the anteroposterior length of the incision on the virtual model of the patient.

Nonetheless, a representation based uniquely on perpendicularity to the mitral valve plane has
important limitations : 1) the identification of angles closer to 90° in interspaces which cannot be used
in clinical practice (such as the posterolateral region of the 3rd interspace); 2) the relatively frequent
posterior orientation of the valve plane, the orthogonal line leading into a thoracotomy posterior to
the midclavicular line which is not clinically feasible; 3) it does not consider the distance from the
incision to the valve, another major determinant of exposure. Additionally, in clinical operations
exposure tools (left atrial retractor) allow some degrees of rotation of the mitral plane in the anterior
direction. Therefore, we then developed a 3D representation of the distances of each single point on
the segmented skin of the thorax to the center of the mitral valve plane. This so-called “distance
chart”, presented in Fig. 5, is another pre-operative assessment tool for the incision site, exploitable
not only for the working port but also for the insertion of the other trocars. The smaller the mitral-
skin distance, the greater the possibility of movement of surgical instruments within a restricted
environment such as the left atrium. We believe that the combination of these two parameters
(distance and perpendicularity to the valve plane) in a 3D chart might better approach the clinical
needs of site incision choice. Therefore, the current simulation tool of the surgical environment
integrates several components described for the selection of the working port site: angles

measurement with angles-chart and skin-mitral distance chart, within the CT-scan volumes.

As a result of this stepwise approach, we started the design of a software tool for the simulation
of the insertion of surgical instruments within a three-dimensional virtual model of the patient. The

bony structures of the thorax, as well as the cardiac chambers (in case of contrast-enhanced CT scan)



or only the mitral valve plane (in case of non-contrast-enhanced CT scan) have been segmented and
reconstructed. In this graphic interface the user can navigate the axial, coronary and sagittal planes of
the loaded CT scan. Through windows management, intra-thoracic organs and structures can be
visualized (Fig. 6). An example is the evaluation of the height of the right diaphragmatic dome, as well
as the observation of any skeletal anomalies or the presence of intravascular devices. Such elements
are difficultly evaluated quantitively at the present stage; yet, a dedicated visualization tool with 3D

representation of the mitral valve and chest structures is expected to facilitate evaluation by the user.

There are several limitations in the present work. CT scans without contrast enhancement were
only available for several subjects included in the study. Although less invasive for the patient
(avoidance of contrast medium), renders more challenging the placement of markers along the mitral
annulus. In the future, either exclusive use of contrast-enhanced CT scan or dedicated acquisition
protocols in non-contrast-enhanced CT scan will be applied. Furthermore, herein we do not consider
the use of the left atrial retractor determining an intraoperative rotation of the mitral valve plane in
the anterior direction. We are developing an algorithm based on deep-learning to can predict and

simulate preoperatively such rotation, to be considered in perpendicularity analysis.

In conclusion, the present preliminary development supports the hypothesis that preoperative
patient-specific planning may be employed to facilitate MIMVR, through preoperative identification of
the working port location for optimal exposure. The combination of several parameters is more likely
to achieve clinically reliable preoperative planning in such circumstances. Further research is justified
and the development of a software tool for clinical evaluation is warranted to verify the current

hypothesis.
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Table

1. Table 1. ICSs angle. The angles are calculated for the ICSs comprised between the 3rd and the 6th.

ICSs 3t 40 5" 6"
angle[degree]

Patient M1 87.1° 83.73° 80.47° 78.20°
Patient M2 81.70° 76.51° 71.68° 65.35°
Patient M3 88.99° 89.86° 86.82° 75.23°
Patient M4 81.98° 77.70° 71.13° 60.33°
Patient M5 83.46° 78.15° 73.85° 66.35°
Patient M6 89.44° 89.98° 89.49° 87.69°
Patient M7 89.27° 87.44° 84.9° 81.88°
Patient M8 88.59° 86.06° 81.89° 77.49°
Patient M9 84.41° 81.10° 76.99° 69.02°

Patient M10 88.43° 84.25° 76.95° 68.03°

Patient M11 89.55° 88.59° 85.81° 81.32°

Patient M12 85.78° 82.87° 78.10° 75.05°

Patient M13 88.49° 87.29° 84.95° 80.99°

Patient M 14 86.11° 87.69° 87.96° 86.83°




Captions to illustrations

Fig. 1. Operative setup for endoscopic mitral valve surgery. Red arrow: 5-cm. working port. White
asterisk: site of insertion of camera. Green asterisk: site of insertion of field suction and CO2

insufflation. White arrowhead: patient’s head.
Fig. 2. Mitral valve plane — semi-automatic segmentation from a contrast-enhanced CT-scan.

Fig. 3. Mitral valve plane — reconstruction based on manually pointed landmarks from a CT-scan

without contrast injection.

Fig. 4. Angles-chart — The larger picture illustrates a coronal CT scan including the reconstructed
mitral valve plane and the angles chart. The purple color indicates the points characterized by angles
closer to 90 degrees and part of the 3rd to 5th ICSs. In small: a schematic representation, useful for

planning the incision site. S= superior (cranial), I= inferior.

Fig. 5. Picture including the angle-chart (A) and the distance-chart (B) calculated for the same
patient. Distances were calculated between the center of the mitral valve plane and the skin, and

expressed in mm. CT scans showing the reconstructed mitral valve plane for this patient.

Fig. 6. 3D navigation in a virtual model of the patient. The picture shows the insertion of two long-
shafted instruments in the proposed optimal incision for the working-port. Light blue color indicates

the segmented scapula (an anatomical obstacle for the insertion of instruments).
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