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Abstract

Minimally invasive surgery is the state-of-the-art approach for repairing the mitral valve, which controls the blood flow into the
left heart chamber. The surgeons rely on camera and sensor technologies to support visualization, navigation, and measurement.
As patients are connected to the cardio-pulmonary bypass, the anatomy is severely deformed by the altered pressure conditions.
We developed a technique that combines stereo-endoscopic video with three-dimensional transesophageal echocardiography
(3D TEE) to improve anatomic visualization and measurement accuracy during mitral valve repairs. Our methodology includes
stereo camera calibration, image segmentation, and 3D model reconstruction. Anatomical landmarks are used to align the
imaging modalities. This approach allows the visualization of pre-operatively determined mitral valve properties, e.g., overlay-
ing heat maps in stereo endoscopic data. Our validation results showed high precision and accuracy within an error range of
0.5 = 0.1 mm. The effectiveness of the heatmap visualization in complex prolapse cases varied. Integrating stereoscopic and 3D
TEE promises greater precision in mitral valve repairs. In the future, this approach can also be used to visualize local tissue
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properties or the optimal locations of implants.
CCS Concepts

e Computing methodologies — Image segmentation; Matching; Reconstruction; Interest point and salient region detec-

tions; Shape inference;

1. Introduction

The mitral valve is located between the left atrium and left ven-
tricle (see Figure 1 A). It functions as a one-way valve, ensuring
unidirectional blood flow from the atrium to the ventricle during
the cardiac cycle. Comprising two leaflets, the mitral valve opens
to allow blood to flow into the left ventricle in diastole and closes
to prevent backflow into the atrium in systole. Proper mitral valve
functioning is essential for maintaining efficient cardiac output.
Mitral regurgitation (MR) is a common pathology of the mitral
valve, characterized by the valve’s inability to close properly,
leading to backward blood flow into the left atrium during systole.
Surgical repair is the primary treatment for MR [GWB*01]. Its
success heavily depends on an accurate anatomical and func-
tional understanding of the mitral valve. Traditional open-heart
surgery, while effective, is associated with extended recovery
periods. Minimally invasive techniques have emerged as a
promising alternative, offering reduced patient trauma and faster
recovery [SCF15]. Among these advancements, integrating stereo-
endoscopic measurements with pre-surgical three-dimensional
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(3D) transesophageal echocardiography (TEE) data represents a
step forward in the precision and efficacy of mitral valve repair.
Figure 1 A illustrates a typical setup during minimally invasive
mitral valve repair, which is necessary during surgery.

Existing fusion methods primarily focus on preoperative plan-
ning and visualization, often involving rigid transformations
suitable for regions with minimal motion, such as ear, nose,
and throat (ENT) [LSB*19, DGS*02, IYB*17, BLI*05].
Other methods focus on the fusion of abdominal structures
[AHR13, BNA*16, KYYCJ*] or cardiac structures [SWGP05].
The literature exhibits methods fusing endoscopic images with
CT [BNA*16, LSB*19, IYB*17, BLI*05, KYYCJ*, SWGP05],
MRI [AHR13,DGS*02,SWGPO05], or ultrasound (US) [YWA*15].
These methods either process the endoscopic images as
2D [BNA*16,LSB*19,DGS*02,1YB*17], or reconstruct the endo-
scopic information in 3D by structured light [AHR13] or structure
from motion [BLI*05,KYYCJ*, YWA*15]. Some methods require
the utilization of a C-arm fluoroscope [BNA*16, LSB*19] or the
invasive placement of markers [DGS*02] to track the endoscope’s
position accurately. However, these approaches face challenges
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Figure 1: Proposed workflow: In 3D TEE images (B) and endoscopic scenes (C) MV and landmarks are detected (D+E). 3D alignment of
the MV enables the overlay (H) of parameter heatmaps (G). E illustrates the landmark extraction from an endoscopic segmentation. LM ¢
and LMpc mark the changeover between the leaflets. The upper intersection of the valve annulus and orthogonal line Lac is denoted as the
final landmark LM y. Reconstructing the mitral valve as a 3D object (I) in world coordinates enables precise length and area measurements

in the endoscopic data.

in cardiac surgery due to the heart’s significant deformation after
decoupling from circulation.

Common procedures involve acquiring 3D TEE images before
cardiopulmonary bypass and using live video endoscopy for visu-
alization. The different states of the heart during these procedures
(active beating heart vs. arrested open heart during surgery) and the
disparate display formats necessitate mental fusion by the surgeon,
complicating the assessment of valve failure mechanisms.

To address these challenges, we propose an algorithmic solu-
tion for intra-operative registration of stereo-endoscopic and 3D
TEE images without manual input. This method extracts anatom-
ical landmarks and unifies image-based information into a single
coordinate system to provide functional and quantitative informa-
tion during valve repair.

2. Dataset

The stereo endoscope image data was recorded with the Einstein-
Vision 2.0 Aesculap system. We acquired the data as a video with a
spatial resolution of 1920x1080 pixels and a temporal resolution of
30 frames per second. The Aesculap system yields the two channels
of the stereo image interlaced by line, giving us the left channel in
the odd rows and the right channel in the even ones. The 3D ul-
trasound image data is acquired with a transesophageal transducer
(TEE) with a GE Vingmed Vivid E9 machine.

3. Method

Stereo-camera calibration: As an initial step, we calibrate the
stereo-endoscopic camera. This includes undistortion of the images

and rectification of the stereo pair. We follow the standard approach
utilizing a checkerboard as described by [PD96, HZ04]. This pro-
cess yields intrinsic parameters for each camera, as well as a matrix
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which projects vectors from a disparity map into 3D world coordi-
nates. ¢y and ¢y are the coordinates of the principal point in the left
camera, f is the focal length, and 7y is the baseline length.

Endoscopic mitral valve segmentation The following steps use
the U-Net-based segmentation of the endoscopic images, including
the anterior and posterior leaflets and the surgical instruments in
that scene [ITS*20].

Endoscopic landmark extraction We perform a morphological
closing operation to remove holes in the leaflet masks and extract
points on the mask’s boundary as a contour, denoted as Cg (high-
lighted in green in Figure 1 E). Additionally, we extract contours
for the anterior leaflet Cg4 and posterior leaflet Cgp.

The landmarks LMsc and LMpc mark the anterolateral and pos-
teromedial commissures at the anterior-to-posterior leaflet transi-
tion. We fit a line Lo through these points (see Figure 1 E). Or-
thogonal to L, we intersect another line Ly at the center of LM ¢
and LMpc. The point LM, is defined as the upper intersection of
contour Cg and the line Lyc.

Endoscopic 3D mitral valve model Based on the undistorted and
rectified stereo pair, we calculate the disparity map via semi-global
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matching and mutual information as proposed by [Hir08]. We apply
the method proposed by [MCL*14], which calculates the disparity
from left to right and right to left and calculates a confidence map
of the measured disparities. These confidence values range from
0-255. We remove values that have zero confidence and keep the
rest. In conjunction with the segmentation mask described in sec-
tion 3 and the matrix Q, we reconstruct the mitral valve anterior
MVg,4 and posterior MVEp leaflets as point clouds in 3D world co-
ordinates. We reconstruct the anterior and posterior contours in 3D
by projecting the contours Cgy and Cgp using the matrix Q. Us-
ing these separated point clouds and anterior and posterior leaflet
contours, we apply the triangulation method described by [IPH"]
to create two surface meshes.

3D TEE mitral valve segmentation and landmark extraction
The corresponding mesh-based segmentation of the mitral valve,
labeled vertices for the annulus, and a vertex on the annulus closest
to the aorta are calculated using the method [IPH*] (see Figure 1
D). To extract landmarks for registration with endoscopic images,
we calculate the center LM4C between LM5 and LM located on the
annulus. We further define LMpC similarly between L, and LM3.
LM is defined as LM 4.

Billowing height We utilize the surface mesh and annulus pro-
vided by the 3D TEE segmentation to calculate the billowing height
(see Figure 1 G). This is done by approximating a minimal surface
to the annulus (see Figure 2). After fitting this surface, we calculate
the signed distance for each vertex of the mitral valve model to this
surface.

Billowing height [mm]

T

-30

Figure 2: The surface fitted through the mitral valve annulus (left)
is use to calculate the directed distance for each vertex of the mitral
valve surface model (right).

Landmark-based registration Three landmarks extracted from
the 3D TEE (see 3) are represented as column matrix V and three
landmarks extracted from the endoscopic view (see 3) are also rep-
resented as column matrix W. We calculate R;,;; and t,;r. Rjnir rep-
resents a scaling and rotation matrix and #,; a translation vector.
We solve for a linear equation satisfying Rjis - X + tinir = y. Since
we are dealing with three points in each coordinate frame, we can
directly derive these parameters (see equations 2, 3, and 4).
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These parameters initialize the registration of the annulus ex-
tracted from the 3D TEE and the endoscopic view, having a cor-
rect rotation. We introduce an iterative closest point (ICP) algo-
rithm [AHBS87], refining the initial fusion parameters. First, we
transform the original points on the contour of the 2D endoscope
with the previously acquired parameters. Further, we apply the ICP
algorithm on the point cloud Y and X, resulting in the parameters
Ricp and licp-

Billowing height heatmap overlay Following the calculation of
the billowing height delineated in section 3 and the subsequent
transformation of the three-dimensional Transesophageal Echocar-
diography (TEE) mitral valve surface into the endoscopic coordi-
nate frame, as explicated in section 3, this study renders the spatial
variation in billowing height as a heatmap. This heatmap is then
superimposed onto the endoscopic imagery. For each pixel within
the endoscopic scene, rays are projected, and intersections with the
transformed 3D TEE mitral valve model are detected. The inter-
secting positions are used to interpolate the respective billowing
heights, then recorded within a single-channel image format. The
visualization of billowing height employs Red-Green-Blue-Alpha
(RGBA) color lookup tables, overlaying the heatmap directly onto
the endoscopic images. A diverging colormap, transitioning from
red to blue, is utilized to represent both positive and negative bil-
lowing heights, a standard in mitral valve visualization techniques.
Additionally, a linear colormap ranging from green to yellow is ex-
clusively used for depicting negative billowing heights, hypothesiz-
ing that it enhances visibility due to its higher contrast and reduced
information saturation in areas of positive billowing heights.

4. Results

Experiments were performed on an Intel(R) Core(TM) i7-8700K
CPU @ 3.70GHz with 16 GBs RAM and an Nvidia RTX 2080 Ti
GPU with 11 GB memory.

4.1. Ruler-based measurements validation

We employed a ruler within the atrium to validate our measurement
and 3D reconstruction technique during the stereo-endoscopic mi-
tral valve repair procedure. This allowed us to draw splines onto
the ruler in a 2D view (see Figure 3), which were then used to
reconstruct the 3D scene and measure the path length accurately.
This was done by sampling pixels from the disparity map under the
drawn spline, followed by a projection into 3D world coordinates
with the matrix Q. This path is integrated to measure the distance.

We conducted these validation experiments on three patients. We
performed 10 through-plane and 9 in-plane measurements (relative
to the image plane). Additionally, for several experiments, the ruler
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Figure 3: An example endoscopic image with a slightly bent ruler
held into the scene. The green spline contour illustrates the mea-
sured path for this ruler-based validation.

was bent. Figure 4 shows an overview of the errors. The in-plane
measurements yielded an error of 0.5 £ 0.1 mm, while the through-
plane measurements showed an error of 0.4 £ 0.1 mm.

Lo+ +1.96 8D
£ 0.85
E
5 051
= . : .
-
g o0o0{ &
o Mean
I 0.21
‘E -0.5 e
E o H ]
3 L]
g 101 Lo
L S ex gagss
- 1196'sD
1.5
. . . . :
10 15 20 25 30

Mean of Length [mm] and Target Length [mm)]

Figure 4: Bland-Altman analysis of the length measurement in the
stereo-endoscopic images versus the length presented by the ruler.

4.2. Billowing height heatmap overlay

We chose the 3D TEE timepoint for both patients in a fully closed
mitral valve configuration to evaluate the billowing height overlay.
The endoscopic images were chosen during a mitral valve leakage
test. Based on this input, we extracted the valve models and regis-
tered them using the method described.

Figure 5 depicts two patients with mitral valve prolapse. The
first two images illustrate orthogonal views of the mitral valve in
3D TEE, including the geometry of the mitral valve. The following
images illustrate the mitral valve in the endoscopic scene with two
alternative heatmap overlay color configurations. The first patient
depicts a patient prolapsed on the posterior leaflet (P1, P2). The

second row illustrates a patient with a bi-leaflet prolapse.

The feedback from three clinical experts highlighted that for
the first case, where a posterior leaflet prolapse was presented, the
heatmap effectively identified the prolapsing region, validating the
potential of our approach for precise surgical guidance. However,
the heatmap was less useful in the second case, which involved a
more complex bi-leaflet prolapse. This underscores the need for
further refinement in our approach when dealing with multiple
prolapsing segments, where the overlapping regions might dilute
the clarity of the heatmap visualization.

Additionally, the feedback on the colormap selection indicated a
preference for the green colormap due to its better visibility. How-
ever, it was suggested that increasing the contrast could further en-
hance the utility of the heatmap by making the distinctions between
different severity levels more discernible.

5. Discussion

Our results demonstrate a promising integration of stereo-
endoscopic imagery with 3D transesophageal echocardiography
(TEE), aiming to enhance the precision of mitral valve surgeries.
The validation of our measurement techniques through ruler-based
validation indicated a high degree of accuracy with in-plane and
through-plane measurements, showing an error margin of only 0.5
4 0.1 mm and 0.4 £ 0.1 mm, respectively. These results suggest
that our method can reliably replicate physical measurements
within a complex surgical environment and may aid surgical repair
during minimally invasive procedures.

However, the deployment of billowing height heatmaps has
revealed limitations, particularly in scenarios involving complex
anatomical variations such as bi-leaflet prolapse. While effective
in cases with simpler pathology, like posterior leaflet prolapse, the
overlapping segments in more complex cases reduce the clarity and
utility of the visualizations. This suggests the need for refined vi-
sualization algorithms to manage anatomical complexities better.
Feedback on the color maps used for visualization emphasizes the
necessity for iterative improvements to enhance heatmap utility.
Clinical experts preferred the green colormap for its visibility but
recommended increasing contrast to more clearly differentiate the
severity levels of valve prolapse.
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