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1. Introduction

Valvular heart disease affects 2.5% of the global 
population, with 200,000 valve repairs performed 
per year in the United States and Europe. The gold 
standard for valve repair or replacement is through 
complex open heart surgery. As a result, valve ther-
apies are among the most expensive (average cost 
of $164,238) and riskiest (average in-hospital death 
rate of 3.36%) cardiac procedures.¹ Surgeons need 
to acquire very specific reconstructive skills, accu-
rately assess valve tissue, and predict valve function 
post repair, while operating on a depressurized heart. 
Since these skills can only be learned through expe-
rience, clinical guidelines² introduced the concept 
of reference centers, where a high volume of valve 
repairs are performed.

Addressing the challenges of valve diagnosis and 
treatment requires advanced imaging technologies 
to visualize valve physiology (anatomy and flow) 
and reliably quantify its anatomy and dynamics. 
Current systems only allow high frame-rate valve 
imaging by stitching sub-volumes over several heart-
beats. This inevitably introduces stitching artifacts, 
prevents the precise evaluation of valve dynamics, 
and can hinder the imaging quality if the patient 
suffers from arrhythmias. Similarly, existing valve 
segmentation solutions are still manual. Modeling 
a valve can take several minutes and be prone to 
user variability, which is why quantitative 3D valve 
anatomy assessment is still a clinical research 
topic and not yet mainstream.

The eSie Valves™ advanced analysis package sets a 
new standard in valve assessment. In combination 
with the new Siemens Healthineers Z6Ms transeso
phageal probe, it enables the volumetric visualiza-
tion of the anatomy (3D B-mode) and blood flow 
(3D volume color Doppler) simultaneously, in real-
time, at high temporal resolution, without stitching.

The eSie Valves package enables comprehensive 
modeling of the mitral valve and aortic valve on any 
image of the cardiac cycle in less than five seconds 
from initial mouse click to measurement output. 
Combined with an intuitive manual editing interface, 
a fully reliable valve model can be obtained in just 

a couple of minutes. Sixtytwo different measure-
ments are automatically available for diagnosis, 
intervention, and surgery planning. With the eSie 
Valves package, valve quantification becomes 
reproducible, robust, and efficient.

Quantification with the eSie Valves package is made 
possible by the new True Volume TEE Transducer 
(Z6Ms). The Z6Ms represents the latest generation in 
volume imaging, providing clinically relevant volume 
sizes and volume rates. The Z6Ms array is built with 
2,304 elements and utilizes the power of up to 64 
parallel beams for the acquisition of volume B-mode 
and volume color Doppler at high frame rates. All of 
this equates to a simpler workflow without the need 
for conventional stitching, improved user control, and 
flexibility in Bi-plane+ imaging. It is the key enabler 
for the eSie Valves package. The Z6Ms has been 
designed with several thermal management innova-
tions that help achieve uninterrupted imaging, higher 
sensitivity, and higher volume rates. In addition, the 
transducer is fully EMI shielded for low interference 
to devices (such as electrocautery knives) during 
procedures. As a result, key imaging modes, includ-
ing volume B-mode and volume color Doppler, are 
minimally affected and clinically usable. The Z6Ms 
also includes programmable Smart Buttons that 
allow the user to customize shortcuts for up to four 
separate system controls such as clip capture, color 
Doppler On/Off, and image plane rotation.
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2. From 3D TEE to Comprehensive 3D Valve Model

The eSie Valves package relies on advanced machine learn-
ing technology to efficiently estimate a comprehensive model 
of the mitral and aortic valves from 3D transesophageal 
echocardiographic (TEE) images. Intuitively, a surface model 
of the valves is fitted to a TEE image using knowledge 
learned from a large database of annotated (expertly traced, 
labeled, datasets) images (Section 2.1).

For dynamic analysis, a tracking algorithm is employed to 
estimate a moving valve model throughout the cardiac cycle 
while leveraging the temporal information for increased 
accuracy (Section 2.2). The user is offered the possibility to 
interactively edit each element of the valves model, when-
ever necessary (Section 2.3).

Once the valve is properly segmented, key measurements 
are calculated automatically and displayed to the user for 
quantitative valve analyses (Section 2.4).

2.1. Detailed Modeling of Left Heart Valves

The eSie Valves package relies on a detailed representation 
of the Aortic and Mitral Valves (Figure 1), as previously 
described in the literature.3,4,5,6,7 In brief, each valve is para
meterized by three levels of details. The first one defines 
the region of interest (ROI), where the valve is located within 
the image, namely valve position (center of the ROI), scale 
(size of the ROI), and orientation (Figure 1a). Key anatomi-
cal landmarks are then defined within the ROI (second level 
of details). These landmarks are anatomically unique and 
can be identified in the images. For the mitral valve, these 
landmarks are the two trigones and the two commissures. 
For the aortic valve, the landmarks are the three commis-
sures, the three leaflet hinges, and the two ostia (Figure 1b). 
The landmarks are labelled in the eSie Valves package, 
making their identification easier for non-experts (Figure 2). 
Finally, valve surface models (mitral leaflets, aortic leaf-
lets, and aortic root) are represented, passing through the 
landmarks.⁶

Figure 1. Multi-level representation of the aortic and mitral valves.

Valve Location Valve Landmarks Valve Surfaces1a 1b 1c
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Figure 2a, b, c. 
Views of the aortic and mitral valve showing the labelled anatomical landmarks.

Figure 2d.  
Valve models in realistic rendering display with underlying image and labels.

Figure 3. Example of tracked mitral and aortic valve models on several frames.

2a 2b 2c

2d
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2.2. Efficient, Patient-Specific Detection and Tracking 
of Valves

The valve model described in the previous section is fitted to 
the patient data through detection and tracking. The static 
workflow enables the user to detect the aortic or mitral 
valve in the current displayed frame. Advanced machine 
learning techniques are employed for robust estimation, as 
previously described in more detail in the literature.3,4,5,6,8,9 
A large database of annotated images is used to train 
detectors that are then applied to any new images to esti-
mate the model in seconds (see Section 2.3). As a result, 
the software provides a robust valve model based on 
knowledge-based algorithms, which are customized to the 
specific features in the individual patient’s anatomy.

The dynamic workflow allows automatic tracking for the 
valve of interest up to three heartbeats, which are selected 
by the user. Valve tracking consists of estimating the model 
on several consecutive frames while leveraging the tempo-
ral information to increase the robustness of the estimation 

process. Frame-by-frame detectors are combined with a 
speckle tracking algorithm and a motion model to estimate 
the position of the valve in the dynamic sequence.

2.3. Refinement with Intuitive Editing of Valve Models

While the automatic detection and tracking algorithms 
enable comprehensive valve modeling in seconds per TEE 
frame, the eSie Valves package also provides a powerful 
valve model review and editing mode to interactively adjust 
the model whenever needed. Despite the complexity of 
the valve anatomies, a valve can be completely edited in 
a couple of minutes, including annulus, leaflets, and root. 
This is achieved by the tight combination of tailored edit-
ing views and smart mesh editing. As a result, experts can 
further refine the patient-specific model to include unique 
features that represent patient anatomy, function, and 
disease.

The eSie Valves package offers various editing views 
(Figure 4) for fast review and editing. The views are 

Overview Rotational Parallel Overview Short Axis Long Axis Leaflets

Figure 4. Automatic valve views for efficient and intuitive editing (left panel: Aortic Valve, right panel: Mitral Valve). A screenshot of the eSie 
Valves package is displayed, along with the different editing view planes for each editing mode (four for the AV, three for the MV).
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automatically defined based on the model (e.g., parallel 
cuts or rotational cuts). The user can then seamlessly edit 
valve landmarks and surfaces by clicking and grabbing 
the model. In the background, comprehensive algorithms 
are applied to ensure the edited valve stays physiological. 
For instance, constraints make sure leaflets are always 
connected between each other and that surface and land-
marks are always attached. These advanced processing 
capabilities are available at every editing manipulation, 
offered in real-time, and completely invisible to the user. 
As the valve is edited, the views are updated to reflect the 
new configuration and guide the user toward the observed 
valve location. The user can also scroll through each pre-
defined viewing plane for finer editing if desired.

2.4. Quantitative Valve Assessment using the eSie Valves 
Package

The eSie Valves package comes with a comprehensive set 
of measurements calculated automatically from the 

valve models. In total, 62 different measurements can be 
obtained with one click and pre-grouped into three catego-
ries: diagnosis, intervention, and surgery, according to the 
most recent clinical literature. The user can also configure 
the measurement groups based on clinical applications. 
In the diagnosis category, some mitral valve measurements 
include mitral annulus diameters, perimeters, area, inter-
trigonal distance, valve orifice area, and intercommissural 
distance (Figure 5). For each measurement, visual cues are 
rendered on the 3D model for verification, thus increasing 
the clinician’s diagnostic confidence (Figure 6).

In summary, only a couple of minutes are required to 
obtain a 3D TEE sequence, detect a valve, and get all the 
relevant measurements for valve diagnosis and therapy 
planning. As a result, the eSie Valves package can help 
streamline and simplify the clinical management of valve 
disease, bringing reproducible measurements to the bed-
side or even in the OR.

Figure 5. Diagnostic measurements related to the mitral valve. 
The top left quadrant displays the valve model with measurement 
visual cues. The bottom left quadrant reports the variation of the 
selected measurement over time. Finally, the right quadrant reports 
the predefined set of measurements most often used for diagnostic 
valve assessment. All the measurements are calculated automati-
cally from the valve model.

Figure 6. Example of measurement visual cues. On the left, the 
dashed purple line illustrates the segment used to calculate the 
right ostium height. On the right, the yellow, purple, and blue areas 
illustrate the regions of the anterior leaflet used to calculate the 
A1, A2, and A3 areas respectively.

Höhen Ostium aortae

Höhe linkes Ostium	 17.1 mm
Höhe rechtes Ostium	 15.7 mm

Flächen vorderes Mitralklappensegel

Fläche A1	 159.8 mm2

Fläche A2	 264.8 mm2

Fläche A3	 136.5 mm2
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3.1. Transcatheter Aortic Valve Replacement (TAVR)

A common use of 3D TEE is during TAVR procedures where 
the native valve is replaced by a prosthetic device.

The sizing of an aortic annulus (AA) is an important step 
in ensuring a successful TAVR procedure. According to 
Ngernsritraku et al.,10 previous studies have shown that 
TEE measurements potentially underestimate the aortic 
annulus when compared with multi-detector computer 
tomographic (MDCT) sizing. To test the accuracy of the 
eSie Valves package and True Volume TEE, these studies 
compared automated measurements using the eSie Valves 
package with MDCT to determine whether using 3D TEE 
data selects the same valve size as MDCT.

The study10 included 40 severely symptomatic aortic  
stenosis patients who had both 3D TEE (Z6Ms TEE) and 
contrast MDCT prior to TAVR. 3D TEE images were acquired 
with a one beat RES (zoom) imaging to achieve high volume 
rates. The minimum (min) and maximum (max) AA dia
meter, AA area, perimeter, and other parameters were 
measured using the eSie Valves package and the standard 
MDCT method (Figure 7).

In this study all 3D volumes that were acquired and ana-
lyzed showed that 3D TEE measurements had excellent 
correlation with MDCT and excellent agreement between 
the two methods in selecting the prosthetic aortic valve 
size according to the standard sizing guidelines (Edwards 
and Medtronic).10 They reported some underestimation of 
the minimum diameter and overestimation of the maxi-
mum diameter. Importantly, the mean diameter, annular 
area, and perimeter were not significantly different. They 
also reported low intra- and inter-observer variability and 
good interclass correlation coefficient (ICC), except for 
maximum diameter. The Kappa between methods was 
0.84 for 3D TEE and MDCT.

Ngernsritraku et al.10 concluded that the eSie Valves pack-
age provides accurate and reproducible automated aortic 
annular measurements in echo and have good agreement 
in selecting the same valve size as MDCT.

3.2. Surgical Mitral Valve Repair

Mitral valve repair can involve multiple surgical modifica-
tions of the diseased valve to re-establish a quasi-normal 
physiology: leaflet resection to remove the excess of tissue; 
annuloplasty to reshape the mitral valve annulus and 
recover a physiological dimension; chordae displacement/
suturing to restore mitral valve tenting. All these operations 
require planning and significant surgical expertise.

With the eSie Valves package, quantitative planning becomes 
possible. By modeling the mitral valve in minutes, key 
measurements specifically designed for surgical planning 
become instantly available (e.g., mitral valve annulus  
circumference, intercommissural distance, leaflet areas, 
regurgitation orifice area), thus facilitating planning and 
device-size decisions. Noack and colleagues11 analyzed the 
feasibility and reproducibility of quantitative, 4D mitral 
valve assessment using the eSie Valves package. On a cohort 
of 19 cases, the authors reported high measurement reli-
ability, in particular during diastole. Systolic measurement 
of intercommissural distance was reported to be more 
challenging as these landmarks are hardly visible when the 
valve is closed. Overall, the authors concluded that the 
eSie Valves package could provide fast, excellent, and com-
prehensive visualization and quantification of mitral valve 
morphology and dynamics, with high levels of reliability 
and reproducibility.

3. Clinical Applications

Figure 7. Aortic annulus diameter measurements derived from an 
aortic valve model calculated by the eSie Valves Package.
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Recently, the clinical community started to investigate 
how mitral valve repair planning could benefit from the 
eSie Valves package. Using a cohort of N = 94 subjects,12 
authors in a recent study showed that body-surface indexed 
MV annulus circumference correlated with indexed annu-
loplasty band size (r = 0.74) (Figure 8), while P2 segment 
length and area best discriminated the need for resection 
(data for 33 cases of the cohort). A similar study was  
previously conducted where the authors confirmed on a 
different cohort of 27 patients that mitral annulus circum-
ference was a good predictor of ring size, along with  
intercommissural distance (r = 0.83 and 0.80 respectively, 
all measurements were indexed by body surface area) 
(Figure 9).13

These recent clinical results illustrate the potential benefit 
of the eSie Valves package for mitral valve repair. The  
ability to choose device sizing or identify the leaflet area 
to resect on pre-operative imaging could potentially make 
the intervention more efficient. More clinical studies are 
necessary to confirm these early results.
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Figure 8. Top panel: Mitral valve model on a patient suffering from 
posterior prolapse. Bottom panel: Pair-wise correlation between 
indexed mitral valve circumference and annuloplasty band size.12

Figure 9. From left to right: Pre-operative imaging of a mitral valve suffering from severe posterior prolapse; eSie Valves package model of 
the valve, with a clearly identified P2 prolapse. Intertrigonal (ITD) and intercommissural (ICD) distances are highlighted; photo of the 
annuloplasty ring implanted in the patient and the TEE post-operative image. Pre-operative ICD showed highest predictive power of ring size. 
Image courtesy of Dr. Mani Vannan.
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3.3. Interventional Mitral Valve Therapy

Following the success of TAVR, transcatheter mitral valve 
repair/replacement (TMVR) methods are being developed 
as alternatives to open-heart surgeries. The first device to 
receive regulatory clearance is the MitraClip® from Abbott. 
Inspired by Alfieri’s stitch method,14 the clip uses a catheter 
to attach the two mitral leaflets together at the regurgitant 
hole. Placing a MitraClip requires imagebased planning to 
identify the location of clipping and guidance. As illustrated 
in Figure 10, the Siemens Healthineers Z6Ms probe allows 
comprehensive 3D visualization of the mitral valve appa-
ratus physiology (anatomy and blood flow) along with the 
device, a key requirement for MitraClip interventions.15 

eSie Valves then enables the user to efficiently calculate 
key measurements during and just after insertion. The 
operator can directly quantify the effects of the therapy on 
valve physiology (e.g., anatomical regurgitant orifice, resid-
ual regurgitation) and decide if more clipping is necessary 
to complete the repair, as recently evaluated on a cohort 
of 10 cases.16

Peri Procedure
Intra Procedure

Post Clip Deployment

Figure 10.  
Top panel: 3D real-time visualization of the mitral valve with a 
MitraClip device installed. One can see the typical two jets during 
diastole typical of MitraClip repairs. 

Bottom panel: eSie Valve models of a mitral valve prior to and after 
MitraClip deployments. With the eSie Valves package, one can model 
valves with several MitraClips, while visualizing the valve-flow 
interaction with the typical double-jet diastole pattern post MitraClip.
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3.4. Other Applications

Mitral Valve Stenosis

The eSie Valves package is not limited to the applications 
presented in the previous sections but can be applied to 
any left heart valve diseases. In Figure 11 for instance, the 
eSie Valves package was used to quantify the diastolic 
mitral valve orifice area (MVOA) in a patient suffering from 
mitral stenosis (MVOA = 137 mm2). Since the algorithms 
featured in the eSie Valves package were trained on a large 
database of annotations covering multiple diseases, they 
could automatically detect the leaflets despite the disease 
and, after minor editing, provide a comprehensive 3D model 
of the diseased valve for therapy planning.

Rheumatic Valve Disease

Rheumatic fever, an autoimmune reaction to a streptococ-
cal infection, can affect the heart and, in particular, mitral 
valve leaflets, with an increased load of fibrosis resulting 
in stenosis and regurgitation. Figure 12 shows a 3D B-Mode 
acquisition of the mitral valve in a patient suffering from 
the condition, at peak diastole, with quantified valve 
model (MVOA = 306 mm²).

Figure 11. Quantification of mitral valve orifice area in a stenosis case. The eSie Valves package allows users to clearly see the restricted 
posterior leaflet motion and quantify the resulting, impaired mitral valve orifice.

Figure 12. 3D B-Mode and mitral valve model in a patient suffering from rheumatic mitral valve disease. Calculated mitral valve orifice area 
was 306 mm².
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Barlow’s Mitral Valve Disease

Barlow’s disease is characterized by a pronounced posterior 
leaflet prolapse, accompanied by leaflet thickening, exces-
sive leaflet tissue, chordae elongation or rupture, and severe 
dilation of the mitral valve annulus.

Patients with Barlow’s disease suffer from mitral valve 
regurgitation, which can be corrected only through surgical 
mitral valve repair. These procedures are complex, as they 
require reducing the annulus size, resecting the excess of 
tissue, and adjusting the chordae. Identifying the segments 
responsible for the regurgitation and quantifying the  
features of the valve anatomy are important elements of 
therapy planning.

Figure 13 illustrates a joint B-Mode/Color Doppler acquisi-
tion of the mitral valve in a patient suffering from the  
condition. Coupled with the model estimated by the eSie 
Valves package, the surgeon can identify the location of 
the regurgitant jet and key features of the mitral valve 
anatomy. In this patient, the eSie Valves package calcu-
lated a posterior prolapse volume of 1.5 ml (Figure 14, left), 
a flail gap (A2P2 segment) of 5.5 mm (Figure 14, right), 
and an average annulus diameter of 47 mm. Despite the 
complexity of the disease, the eSie Valves package’s robust 
algorithm, coupled with intuitive editing, enables quantifi-
cation of the mitral valve anatomy even in complex cases.

Aortic Valve Regurgitation and Dilated Aortic Root

Figure 15 illustrates how the eSie Valves package can be 
used to quantify the aortic valve function in a patient  
suffering from aortic regurgitation and dilated aortic root. 
Using the real-time 3D color Doppler imaging, the aortic 
regurgitation can be perfectly observed. The eSie Valves 
package is then applied to model the aortic system and 
measure key features of the valve, like the diameters at 
the aortic annulus (26 mm is the average for this patient) 
and the sinotubular junctions.

Conclusion

The True Volume TEE transducer (Z6Ms) combined with the 
eSie Valves package is potentially the new gold standard 
for visualization and quantification during valve inter
ventions and surgeries. The True Volume TEE transducer 
defines the leading edge of 4D imaging by offering simul-
taneous, real time, and high frame rate imaging of heart 
anatomy and blood flow without stitching multiple heart-
beats together. Being able to see every beat in real time 
without stitching is crucial, especially for patients with 
arrhythmias.

The eSie Valves package offers a comprehensive analysis 
of the mitral and aortic valves with one click of a button 
for accurate and efficient quantification. The True Volume 
TEE transducer also offers advanced thermal management 
to transport heat away from the array to minimize inter-
ruption due to transducer overheating. The Z6Ms is also 
fully shielded to minimize EMI interference and thus offers 
uninterrupted imaging, higher sensitivity, and higher vol-
ume rates for a much wider range of clinical procedures. 
The True Volume TEE transducer paired with the powerful 
eSie Valves package offers a comprehensive clinical solu-
tion that seamlessly combines imaging and quantification 
with the click of a button.
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Figure 13. Left: Simultaneous B-Mode and Color Doppler images of a mitral valve in a patient suffering from Barlow’s disease. One can 
clearly see the regurgitant jet. Right: Realistic rendering of the model estimated with the eSie Valves package, exhibiting typical features of 
Barlow’s disease: posterior prolapse, enlarged annulus.

Figure 14. Left: Quantification of posterior prolapse volume (in pink). Right: Quantification of posterior flail gap, with visual cues (dotted 
pink line) to highlight where the flail gap is measured.

Figure 15. Quantification of aortic root annulus in a patient suffering from aortic regurgitation and dilated aortic root.
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data.” US8920322 B2.
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Harry Rakowski, Tirone David, Wendy Tsang, 
Paaladinesh Thavendiranathan.

• �MICCAI 2010, Young Scientist Award, for the paper  
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cardiac CT.” Saša Grbić, Razvan Ionasec, Dime Vitanovski, 
Ingmar Voigt, Yang Wang, Bogdan Georgescu, Nassir Navab, 
and Dorin Comaniciu. In Medical Image Computing 
and Computer-Assisted Intervention – MICCAI 2010,  
pp. 218-226. Springer Berlin Heidelberg, 2010.

• �MICCAI 2011, Young Scientist Award, for the paper 
“Towards patient-specific finite-element simulation of 
MitraClip procedure.” Tommaso Mansi, Ingmar Voigt,  
E. Assoumou Mengue, R. Ionasec, Bogdan Georgescu,  
Thilo Noack, Joerg Seeburger, and Dorin Comaniciu.  
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Heidelberg, 2011.
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