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Abstract

Aim: We propose a novel pre-operative planning approach based on Deep-Learning
techniques in the context of minimally invasive mitral valve surgery (MIMVS), for the
identification of the mitral valve and optimal thoracic working port positioning in a
patient-specific fashion.

Methods: We used supervised Deep-Learning for the processing of contrast-enhanced
computed tomography (CT) scans. Our algorithm consisted of four steps: segmentation on
CT scans, localization of the mitral valve, creation of maps under three criteria
(distance/angle between the mitral valve plane and candidate working port spots,
absence/presence of ribs), and selection of optimal working port.

Results: We compared the performance of the Deep-Learning-based approach vs. the
previously described semiautomatic method and conventional user’s planning (Dice mean
value: 93.59). The Deep-Learning method outperformed the semiautomatic method
[intraclass correlation coefficient (ICC) = 0.206]. We defined two interfaces to navigate
among candidate working ports.
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Conclusion: We suggest that the Deep-Learning-based approach may help the surgeon in identifying the most
appropriate working port (thoracic access) for MIMVS, and to comparatively predict the features of different
candidate thoracic accesses in individual patients, and help address individual anatomic issues. It may also help
standardize the pre-operative planning and obtain a faster learning curve for trainee surgeons.

INTRODUCTION

Minimally invasive mitral valve surgery (MIMVS) is widely used as an approach to the atrioventricular
valves. It is associated with shorter recovery time, improved post-operative quality of life, lower blood
component transfusion, and better cosmetic results. Despite these advantages, the minimally invasive
approach presents substantial technical challenges. Limited surgical access, restricted visualization, and
patient-specific anatomical variability can complicate the procedure, making accurate pre-operative planning
essential for optimizing surgical success. Advances in medical imaging, particularly three-dimensional (3D)
echocardiography and computed tomography (CT), provide detailed representations of cardiac anatomy that
can support pre-operative evaluation. However, the manual interpretation of these large, complex datasets is
time-consuming and subject to inter-observer variability. In this context, computational tools capable of
extracting, analyzing, and integrating imaging features into the surgical planning workflow are highly
desirable. The choice of the intercostal space for the operative setup and site of working/camera ports is
paramount to obtain the optimal exposure of the mitral valve and post-operative results. The operative setup
should be planned before the surgery. Chest CT scan is currently performed for generic operative planning,
but it has not been formally employed to define the working port. The thoracic CT scan allows description of
the valve position, the height of the diaphragm dome, thoracic and aortic morphology, the presence of
calcification in the valve, aorta, and iliofemoral arteries, and the distance between the valve and the thoracic
cagel™?l.

Deep-Learning is a subset of Machine-Learning which uses multilayered neural network to extract
meaningful features and relationships required to make accurate outputs from raw data. It has demonstrated
remarkable success in automating image analysis and pattern recognition tasks across diverse medical
domains. In cardiac surgery, Deep-Learning methods have been applied to segmentation of cardiac
chambers, quantification of valvular disease, and prediction of procedural outcomes. They can quickly locate
the mitral valve, and after the valve localization, we described its positioning/distance from the thoracic cage
in order to define the optimal working port. Extending these applications to the planning of MIMVS could
enhance surgical precision by providing patient-specific anatomical reconstructions, identifying optimal
surgical access routes, and predicting potential intraoperative challenges".

This preliminary work explores the role of deep learning (DL)-based approaches in the pre-operative
planning of MIMVS. The aim of this study is to provide a tool to the cardiac surgeon for the pre-operative
planning of MIMVS. This tool may allow greater accuracy in the surgical strategy and approach. The
pre-operative planning standardization may simplify patients’ care, help reduce the operative morbidity, and
accelerate the surgeons’ learning curve.

METHODS

Cardio-thoracic structures segmentation

We applied Deep-Learning to train a segmentation network from the public dataset TotalSegmentator!*.
This dataset contained 1,204 CT scans sourced from various institutions, of which 317 were specifically
related to the cardiac system. Of these, 201 CT scans were used for training with a convolutional neural
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Figure 1. All semantic classes used in CNN. CNN: Convolutional neural network; S: superior; R: right; A: anterior; I: inferior; L: left; P:
posterior.

network (CNN), 50 for validation, and 66 for testing. Additionally, we simplified the available labels to 7
cardiac system classes (including both ventricles and atria) for subsequent localization of the mitral valve and
15 classes of bone structures (including ribs) to facilitate the planning stage [Figure 1]. The latest medical
segmentation network, 3D full-resolution neural network U-net (nnUNet)"), was used for automatic
segmentation. Our model was trained from scratch by the Stochastic Gradient Descent (SGD) optimizer with
a batch size of 4 for 1,000 iterations. The initial learning rate was 107, subtracting by a factor of 0.1 every 250
iterations. All experiments were implemented in PyTorch and run on NVIDIA RTX A6000 Graphics
Processing Units (GPUs).

Image reconstruction was performed using the open-source 3D Slicer software!*’.

Mitral valve localization

For the purposes of the present work, we employed three methods for localizing the mitral valve on CT
scans. Comparing these methods was necessary to achieve more precise localization of the mitral valve,
which has been the most challenging part of our work. The “manual” method consisted of identifying the
mitral orifice on multiplane CT images by an experienced surgeon using fiducial points (landmarks). This
allowed a representation of the area of the mitral orifice, the extraction of its center and of the average plane
passing through the landmarks. This method was considered the reference gold standard.

The second method (“Ring-shaped”) was based on the work of Finnegan et al., which we consider the best
among previously published methods"’. It involved a geometric representation of the mitral valve by
generating a ring-shaped model, corresponding to the intersection between the left ventricle and atrium. The
procedure was as follows: first, the overlapping region between the left atrium and left ventricle was
identified through a dilation operation applied to the automatically segmented heart chambers (to ensure a
sufficient area of overlap for subsequent analyses). Next, the center of the geometric model was determined
by calculating the center of the overlap area, and the orientation was defined from the center of the left
atrium to the center of the left ventricle, aligned with the direction of blood flow. Finally, the ring-shaped
model representing the mitral valve was defined using a constant thickness and diameter; we chose an 8 mm
thickness and a 30 mm ring diameter [Figure 2].

The third method used a 2D landmark localization network based on an attention U-net to detect the
edgepoints of valve leaflets surrounding the mitral annulus'®. By extracting 2D slices around the valve from
CT scans, the model captured global structures and local textures to automatically detect the mitral valve
annulus via interpolation.
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Geometric Valve Modeling
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Figure 2. Visualization of the geometric mitral valve modeled as a patient-adapted ring. The purple region represents the left atrium, the
red represents the left ventricle, and the yellow represents the mitral valve.

To validate a segmentation model, we needed at least one model for comparison and testing. We therefore
validated the model by comparing it to two others. The main difference between the Ring-shaped model and
the Attention U-net model lies in their segmentation approach. In the Ring-shaped model, we localized the
mitral valve using the zone of apposition between the left atrium and left ventricle, whereas in the Attention
U-net model, we localized the mitral valve based on the borders of the mitral leaflet and its insertion into the
mitral annulus. The main limitation of the Ring-shaped model is that it does not account for the saddle
shape of the mitral valve.

We retrospectively applied the three methods to a local dataset comprising 28 contrast-enhanced CT scans
from patients who had already undergone MIMVS in the cardiac surgery unit of Pontchaillou University
Hospital in Rennes, France.

Method comparison

We computed the Angle (°) metric as the angular difference between the mitral valve plane obtained by the
“gold-standard” manual delineation method and that obtained by either of the two other methods
(“Ring-shaped” and “Attention U-net”).

All recipients of cardiac surgery provide written informed consent for the use of the anonymized personal
data for research purposes. Additionally, all patients’ data are extracted from a prospective database declared
to the CNIL (Commission Nationale de I'Informatique et des Libertés - National Committee for Informatics
and Freedom) under the number 1207754.

Statistical analysis

We described the Distance (mm) metric as the minimal distance from each landmark to either of the other
two methods. The results obtained were described as mean + standard deviation (SD); intergroup
comparison was performed using the two-tailed Student’s t test for paired data. The interobserver agreement
was evaluated through calculation of the intraclass correlation coefficient. The alpha level was set at 0.05.
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Table 1. Results of 3D full-resolution nnUNet segmentation network

3D full-resolution nnUNet segmentation results (DSC, %)

Aorta PA LA RA Myo LV RV Ribs  Scapula Sternum Costal cartilages Mean
nnUNet 9434 92.06 96.04 9432 90.17 94.23 94.01 9359 96.53 9571 92.06 93.75
1stR 2ndR 3rdR 4thR 5thR 6thR 7thR 8thR 9thR 10thR Mth R 12thR
nnUNet 94.99 96.17 9557 96.39 9544 9482 93.89 9297 9291 9254  90.46 87.00

PA: Pulmonary artery; LA: left atrium; RA: right atrium; Myo: myocardium; LV: left ventricle; RV: right ventricle; R: rib; DSC: Dice similarity
coefficient.

Table 2. Comparison of ring-shaped and attention U-net methods’ performance in the description of the mitral valve

Variable Ring-shaped Attention U-net P value
Angular difference vs. the gold standard 16.3°+£11.5° 11.5° £ 9.4° 0.1
Distance vs. the gold standard 55+2.7mm 31£1.3mm <0.01
Inter-rater agreement (Angle) ICC=0.206 0.15
Inter-rater agreement (Distance) ICC=0.324 0.49

ICC: Intraclass correlation coefficient; U-net: U-shaped Convolutional Network.

The working port

In a subsequent step, we developed a preliminary planning solution for surgical access (“working port”).
Following the identification of the mitral valve based on the “Attention U-net” method, the solution
integrated the following three criteria, which we considered the main ones for achieving optimal surgical
exposure of the mitral valve: the distance between the valve and the skin, the viewing angle, and the absence
of ribs and sternum at candidate skin incision sites. We generated a map of the shortest distance between the
valve and each candidate skin incision site, and a map of the perpendicular viewing angle to the valve plane,
while avoiding the ribs and sternum.

RESULTS

Evaluation based on the Dice coefficient on the public dataset has demonstrated that the 3D full-resolution
nnUNet can accurately delineate the targeted cardiac system and rib structures [Table 1]. This capability
confirms the potential applicability of our model to local datasets for further image processing in valve
localization and working port selection.

Valve localization

Table 2 displays the results of comparison between each mitral valve identification method and the “gold
standard” method. Difference in angle and distance between each method and the “gold standard” was
considered to describe better localization of the mitral valve when closer to zero. The Attention U-net
method outperformed the Ring-shaped method for both Angle and Distance parameters, the statistical
significance being attained for the Distance parameter (P < 0.001). The inter-rater agreement analysis
indicated poor agreement between the two methods (coefficient values of 0.206 and 0.324), further
supporting the better performance of the Attention U-net approach.

We display the visualization of the results of the geometric mitral valve on local cardiac CT cases in Figure 3.
The shape, position, and orientation of the ring-shaped model are close to manual landmarks marked by the
cardiac surgeon.

Planning solution: the working port
Based on the above findings, we developed a preliminary planning solution for mitral valve identification
using the Attention U-net method. Three criteria were evaluated to identify the optimal working port: the
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Geometric Modeling

Attention U-net
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Figure 3. Visualization of the geometric mitral valve model and the Attention U-net compared with the landmarks in case No. 22. The
green region represents the mitral valve ring-shaped model, and the red dots represent manual annotations.

distance and viewing angle between the mitral valve plane and the candidate incision site. The absence of ribs
and sternum at the candidate incision site was the third criterion. d (mm) denotes the distance from the
candidate working port and the center of the mitral valve, 6 (°) describes the angle between the normal vector
at the center of the incision and the normal vector of the mitral valve plane. The presence or absence of the
ribs and sternum was treated as a binary parameter. The shortest distance between the valve and the skin at
the incision, an angle as close as possible to 0, and the absence of ribs and sternum are the requirements to
describe the appropriateness of the working port [Figure 4].

Planning solution: integration of parameters

The skin area was delineated from CT scan using 3D seed point growing algorithm. Subsequently, all
available points on the patient’s skin were described based on the aforementioned criteria (distance and angle
with respect to the mitral valve, absence of ribs). The first representation [Figure 5] displays the distance
from the skin to the mitral valve plane using a color map, the shortest possible distance being considered as
optimal and being highlighted in red. The second representation illustrates the angle between any candidate
incision site vector and the normal vector of the mitral valve plane, the ideal being 0 degrees, represented
using a color map. The third binary representation displays the potential areas, marked in red, that avoid
collision with ribs and the sternum.
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Figure 4. Quantified criteria of distance and angle from skin to mitral valve for planning. MV: Mitral valve.
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Figure 5. Visualization results of optimal working ports in case No.26 by fusing the overlapping region satisfying the criteria for distance,
angle, and non-collision (created using C++-based VTK code).

We introduce two approaches and their respective visualization outcomes to integrate the criteria in the
identification of optimal working ports at the skin surface.

The first method, illustrated in Figure 5, employs interactive sliders for adjusting distance and angle
measurements. The fusion approach ensures precise delineation of the targeted region, with the resultant
combination being the intersection of areas satisfying the criteria for distance, angle, and non-collision.

In the second approach, variable weighting is applied to balance the significance of the two main criteria
(distance and angle from the working port to the mitral valve). The requested conditions for these metrics
are set to be as small as possible. Therefore, these data are first normalized to a scale from 0 to 100 to
standardize the input values. Following this normalization, a composite score is calculated using weighted
contributions from distance and angular measurements, where
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Figure 6. Visualization of the optimal working port in case No. 27 by fusing weighted contributions from distance and angle. (A) The result
with a ratio of 0.29, emphasizing the importance of angle; (B) The result with a ratio of 0.78, emphasizing the importance of distance
(created using C++-based VTK code).

d — mi
distance = & * 100, while optimal result equals 0 (1)
maxy — ming

6 — mi
angle = & * 100, while optimal result equals 0 2)
maxg — ming

Score = ratio * distance + (1 — ratio ) = angle 3)
An interactive slider allows for manual adjustment of the weighting ratio, emphasizing the relative

importance of distance over angle, or vice versa, according to the user’s preference. The optimal working
ports with the smallest score, determined through this weighted fusion method, are shown in Figure 6.
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DISCUSSION

The diffusion of minimally invasive approaches is part of the current evolution of cardiac surgery. MIMVS is
associated with shorter hospital stays, shorter recovery times, and cosmetic advantages, but it is also
associated with longer operative times. Dedicated exposure techniques are required, including endoscopic
strategies. The quality of exposure of the mitral valve in the MIMVS settings depends on several
patient-specific factors and may influence the operative outcomes. We therefore aimed to develop a new tool
for pre-operative planning in MIMVS. We hypothesized that artificial intelligence techniques may be helpful
for such a purpose, similar to other medical fields. Machine-Learning, and, as its subset, the Deep-Learning
are contributing to reshape patients’ care and management>°.

The present work highlights the potential of DL-based methods to enhance pre-operative planning in
MIMVS. By leveraging advanced image analysis techniques, DL can extract meaningful anatomical
information from complex datasets, providing surgeons with patient-specific insights that go beyond the
capabilities of conventional imaging interpretation. Our model achieved an accurate segmentation of the
mitral valve leaflets and surrounding anatomical structures, outperforming conventional image-processing
methods and approaching the reliability of expert manual annotations. These results confirm the feasibility
of integrating DL-driven analysis into the surgical planning workflow, providing surgeons with accurate,
reproducible, and patient-specific anatomical reconstructions. This represents a significant step toward
precision cardiac surgery, where pre-operative strategies can be tailored to the unique anatomical and
pathological features of each patient. In the current pre-clinical work, we have no direct comparison with
real-life results. Before using this tool in clinical applications, a robust development from a geometric point
of view was required. The three main parameters chosen (angle, distance and presence/absence of ribs) are
surrogate markers of the surgical exposure. We expect that the main benefits from this tool would come for
patients who are obese or have chest deformities, for female patients (planning of thoracic access beneath the
breast), and for surgeons who are in their learning curves. Our findings align with prior research
demonstrating the value of DL in cardiac imaging and surgical planning. In particular, the ability of CNN
and transformer-based architectures to perform robust segmentation of cardiac structures offers a promising
foundation for generating accurate 3D reconstructions of the mitral valve and surrounding anatomy. Such
reconstructions may facilitate the identification of optimal surgical access routes, reduce intraoperative
uncertainty, and potentially shorten operative times. Importantly, automated feature extraction may also
decrease inter-observer variability, thereby standardizing pre-operative assessments across surgical teams.
Our results also highlight the potential role of DL in surgical decision-making. DL may complement the
surgeon’s expertise by uncovering subtle imaging cues that influence operative strategy. Moreover, the
consistency of the model’s predictions across repeated analyses reduces inter-observer variability, a
long-standing limitation in pre-operative imaging interpretation.

This tool may help the surgeon obtain a patient-specific plan for the identification of the optimal working
port to achieve appropriate access and exposure to the mitral valve. We took into account some variables:
height, obesity, age, chest dimensions and the distance between the mitral valve and the thorax. In fact, some
patients have a particular thoracic morphology contraindicating MIMVS. Jung et al. underlined that some
physical characteristics are associated with suboptimal exposure of the mitral valve, especially patients with
greater thoracic antero-posterior and latero-lateral diameters, patients with a high-situated diaphragm dome,
and patients with body mass index (BMI) > 28,5\

To the best of our knowledge, this is the first work using Deep-Learning techniques on CT scan dataset for
the planning of MIMVS through identification of the target mitral valve. In a systematic review over DL in
cardiac surgery, Miles et al. underlined that the appropriateness and dimensions of the dataset are
paramount, such as the clear definition of the analyzing method"'". The Machine-Learning has been used
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mainly in medical imaging, biomedicine and elaboration of scores for prediction of mortality. There is not a
single model that can be universally adapted to all purposes; therefore, we used one that we identified as the
most appropriate for our specific purpose. The Deep-Learning has some advantages in this perspective; it
simplifies and standardizes the imaging analysis for pre-operative planning. Despite these advantages, several
challenges must be addressed before routine clinical adoption can be achieved. First, the generalizability of
DL models is heavily dependent on the quality and diversity of training datasets. Many existing datasets are
limited in size and may not adequately capture the variability in patient anatomy, imaging protocols, and
disease presentations. Multi-institutional collaborations and the development of large-scale annotated
datasets will be critical to overcoming this limitation. Second, the integration of DL tools into clinical
workflows requires careful consideration of usability, interpretability, and regulatory compliance.

Our Deep-Learning model is supervised. It was trained to segment the anatomical structures from the public
dataset Totalsegmentator. We then focused on the pre-operative planning of the working port for MIMVS.
The proposed DL approach was more effective than the previously described geometrical method in
identifying the target mitral valve. This step was then incorporated into a preliminary planning solution,
which included a map of distances and angular views between candidate incision sites at the skin and the
target mitral valve. Such parameters define the quality of the surgical access to the mitral valve in MIMVS.
Two integration approaches of these parameters are presented [Figures 5 and 6], allowing for user-driven
regulation of their respective weight in the planning of skin incision, according to surgical strategy in
individual cases and the surgeon’s needs. In a further step, we foresee performing a quantitative evaluation of
each approach in a series of clinical cases.

The quality of mitral valve exposure is paramount to shorten the duration of surgery and reduce
intraoperative bleeding. It helps to reduce intra- and post-operative blood component transfusion and to
reduce the post-operative inflammatory burden due to extracorporeal circulation. The use of
contrast-enhanced CT scans is useful in order to understand the morphology of the chest, the distance
between the chest and the mitral valve and the feasibility of the minimally invasive approach.

The main limitations of this study are: the low number of CT scans analyzed and the difficulty in identifying
the precise mitral valve localization. Only one cardiac surgeon had worked on the valve localization. This
approach was used as considered sufficient to validate the deep-Learning model, since the variability in
localization of the valve annulus from one user to another is likely negligible for this research purpose. Valve
localization by different surgeons would help to improve the quality of the work and limit the bias of a single
surgeon. A multi-expert evaluation may give a better reproducibility for the model. The CT scans were
acquired with the patients being in different positions (with arms either above or below the head). The
model’s performance decreased in cases with severe imaging artifacts or rare anatomical variants,
underscoring the need for larger and more diverse training datasets. The quality of the CT scan plays a role;
electrocardiogram (ECG)-gated acquisitions may improve the results.

This preliminary and pre-clinical model represents the first step towards the simplification of the MIMVS.
Nonetheless, the construction of this assistance tool required an original development process involving a
multidisciplinary team. The next step will involve clinical testing to evaluate the possible improvements in
intraoperative exposure and shortening of the cross-clamp time or of the learning curve. It is already a step
forward compared with our previous research on this subject!"?, as we evaluated chest dimensions, used a
deep-learning approach for image analysis, and compared three different methods to improve the accuracy
of our findings. While the present study underscores the promise of DL, it also emphasizes the necessity of
prospective validation in real-world clinical settings. Rigorous clinical trials and longitudinal studies will be
essential to confirm whether DL-enhanced planning translates into measurable improvements in surgical
efficiency, safety, and patient outcomes.
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From a future perspective, we plan to obtain a description of other parameters from segmentation, such as
the valve perimeter or the anteroposterior diameter. This information is important for the endovascular and
robotic approaches for the treatment of mitral valve disease"?.

Our experimental results support the integration of DL into the pre-operative planning of MIMVS. DL
represents a transformative opportunity to refine the pre-operative planning of MIMVS. Although technical,
clinical, and regulatory challenges remain, the integration of DL into surgical workflows has the potential to
standardize decision-making, optimize patient-specific strategies, and ultimately improve the quality of care
in mitral valve surgery.
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