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Abstract
The assessment of aortic valve (AV) morphology is paramount for planning transcatheter AV implantation (TAVI). Nowadays, 
pre-TAVI sizing is routinely performed at one cardiac phase only, usually at mid-systole. Nonetheless, the AV is a dynamic 
structure that undergoes changes in size and shape throughout the cardiac cycle, which may be relevant for prosthesis selec-
tion. Thus, the aim of this study was to present and evaluate a novel software tool enabling the automatic sizing of the AV 
dynamically in three-dimensional (3D) transesophageal echocardiography (TEE) images. Forty-two patients who underwent 
preoperative 3D-TEE images were retrospectively analyzed using the software. Dynamic measurements were automatically 
extracted at four levels, including the aortic annulus. These measures were used to assess the software’s ability to accurately 
and reproducibly quantify the conformational changes of the aortic root and were validated against automated sizing meas-
urements independently extracted at distinct time points. The software extracted physiological dynamic measurements in 
less than 2 min, that were shown to be accurate (error 2.2 ± 26.3 mm2 and 0.0 ± 2.53 mm for annular area and perimeter, 
respectively) and highly reproducible (0.85 ± 6.18 and 0.65 ± 7.90 mm2 of intra- and interobserver variability, respectively, 
in annular area). Using the maximum or minimum measured values rather than mid-systolic ones for device sizing resulted 
in a potential change of recommended size in 7% and 60% of the cases, respectively. The presented software tool allows a 
fast, automatic and reproducible dynamic assessment of the AV morphology from 3D-TEE images, with the extracted meas-
ures influencing the device selection depending on the cardiac moment used to perform its sizing. This novel tool may thus 
ease and potentially increase the observer’s confidence during prosthesis’ size selection at the preoperative TAVI planning.

Keywords  Aortic valve sizing · 3D transesophageal echocardiography · Transcatheter aortic valve implantation · Dynamic 
morphology assessment · Tracking software tool

Introduction

Aortic stenosis (AS) is the most common heart valve disease 
leading to intervention in developed countries, with a preva-
lence of 3% in the elderly [1]. It carries a dismal prognosis 
without proper treatment [2, 3]. Although surgical aortic 
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valve replacement (SAVR) is still the standard treatment for 
patients with symptomatic, severe AS, transcatheter aortic 
valve implantation (TAVI) has quickly become a successful 
alternative in high-risk/inoperable patients [1, 4], with recent 
studies suggesting its use as an alternative in intermediate risk 
patients also [5].

Throughout the preoperative TAVI planning, imaging is 
vital to validate the diagnosis, grade AS severity, review 
the aortic valve (AV) morphology and, most importantly, 
select the appropriate prosthesis size based on several ana-
tomical measurements [6–8]. Despite the lack of consensus 
regarding the most suitable phase of the cardiac cycle to 
extract these measurements (i.e. depends on local exper-
tise), it is now generally accepted that the aortic root does 
undergo dynamic changes throughout the cardiac cycle 
[9, 10]. Indeed, previous studies have shown that systolic 
measures tend to be larger than diastolic ones, although the 
magnitude of conformational changes is variable between 
patients (e.g., depending on the severity of calcification) 
and across studies [9, 10]. For these reasons, the cardiac 
phase chosen to perform such analysis may affect the pros-
thesis sizing [11–13], with some cardiologists advocating 
the analysis at multiple time points to best predict the opti-
mal size [10, 14]. With this in mind, automated methodolo-
gies have been presented to extract the AV morphology at 
several cardiac phases [15–17]. Despite these technological 
advances, automatic dynamic morphology assessment is 
still underexplored and underused in clinical practice, with 
most solutions reporting the measurements at one (or two) 
frames only.

Recently, a tracking algorithm based on the anatomi-
cal affine optical flow (AAOF) algorithm was proposed 
for left ventricle tracking in both 3D echocardiography 
and cardiac magnetic resonance data [18–20]. Hereto, 
the application of the AAOF algorithm for dynamic AV 
morphology assessment is addressed, being the algorithm 
embedded in our recently presented software tool for 
automatic AV tract segmentation and sizing [21]. Over-
all, in this study, we sought to present this novel software 
tool for fast and automatic AV tract tracking by 3D-TEE, 
while investigating its applicability, robustness and repro-
ducibility for dynamic measurements extraction for the 
planning of TAVI.

Materials and methods

Study population

In this study, patients with symptomatic, severe AS who 
underwent TAVI at the St. Vinzenz-Hospital (Cologne, 
Germany) from August 2014 to September 2017 were 
retrospectively reviewed to identify those who underwent 

pre-procedural 3D-TEE. Because this study intends to evalu-
ate the dynamic behavior of the aortic root, only 3D-TEE 
acquisitions with a minimum frame rate of 15 Hz were con-
sidered. Among the 115 patients evaluated, 50 fulfilled the 
above criteria and were thus further assessed. Of these, and 
upon visual inspection by an experienced observer, eight 
were excluded because of strong stitching artifacts and/or 
poor image quality. As a result, 42 patients were enrolled 
in this study. Table 1 presents the clinical and echocardio-
graphic characteristics of the study population.

Image acquisition

All patients underwent preprocedural TEE using a GE Vivid 
E9 or E95 (GE VingMed, Horten, Norway) ultrasound 
system equipped with a 6VT-D transducer. Besides two-
dimensional standard imaging, the echocardiographic study 
included at least one electrocardiographically triggered 
multiple-beat 3D image acquired from a mid-esophageal 
position using 3D zoom mode, covering the left ventricular 
outflow tract (LVOT), aortic valve and aortic root (1 and 
41 cases with a 4-beat and 6-beat acquisition, respectively). 
In cases with more than one 3D data set available, the one 
with the best overall image quality (on the basis of the pres-
ence/extent of acoustic shadowing or stitching artifacts) was 
selected for subsequent processing. These volume sequences 
were captured with an average frame rate of ~ 41 Hz and 
presented an image resolution and size ranging from 0.32 
to 0.59 mm and 162 × 162 × 163 to 261 × 261 × 202 voxels, 
respectively. Data sets were digitally stored in a raw-data 
format and exported to a workstation equipped with the 
EchoPac software (GE Healthcare). To enable offline pro-
cessing with the proposed software tool, the images were 
then anonymized, exported into an externally-readable for-
mat, and converted to isotropic voxel spacing.

Image analysis

The analyses were performed using custom, noncommer-
cial, MATLAB-based (MathWorks, Natick, MA) software, 
Speqle3D [22], in which both our previously presented AV 
segmentation and sizing tool [21] and the novel AV track-
ing methodology were embedded. In brief, upon selecting 
the mid-systolic (MS) frame, the automated analysis is 
divided in two independent stages: (1) the AV tract is auto-
matically delineated and the measurements at four relevant 
short-axis (SAx) planes (LVOT, aortic annulus, sinuses of 
Valsalva, and sinotubular junction) are extracted for the 
MS frame, while enabling the user to correct the deline-
ation if required; (2) the tracking algorithm is applied 
to estimate the motion and deformation of the AV tract 
throughout the entire cardiac cycle in order to propagate 
the segmented AV tract surface and the identified SAx 
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planes in the volumetric sequence, thereby extracting 
dynamic measurements at the aforementioned levels. Note 
that, in contrast to the segmentation stage, the user is not 
able to interact with the result of the tracking algorithm. 
Figure 1 illustrates the proposed analysis pipeline. For 
more details about the interactive analysis with the AV 
tract segmentation and sizing tool, the reader is kindly 
referred to Queirós et al. [21].

For each enrolled patient, an observer (henceforth 
referred as Obs1) performed the analysis with the proposed 
software tools. Upon running both segmentation and track-
ing modules, the software provides the dynamic AV meas-
urements (area, perimeter, eccentricity index, etc.) at each 
level in the AV tract.

Intra‑ and interobserver reproducibility

To establish the interobserver reproducibility of the extracted 
dynamic measurements, a second observer reanalyzed each 
dataset (henceforth referred as Obs2). Moreover, the first 
observer repeated the analysis after 15 days (henceforth 
referred as Obs1R), allowing to also assess the intraobserver 
reproducibility. Each observer was blinded to the results of 
the other.

Independent segmentation‑based measurements

To assess the tracking accuracy, for each case, the first 
observer repeated the Speqle3D interactive segmentation 
analysis at four other frames along the image sequence, 
extracting reference measurements for the aortic annulus 
(AoA) in each frame. For the sake of representativeness, 
the chosen frames were equally distributed along the cycle. 
For the sake of simplicity, these analyses will be referred 
to as segmentation-based ones throughout the rest of the 
document.

Theoretical prosthesis size selection

The clinical significance of the AV tract dynamics was evalu-
ated by assessing the influence of the dynamic measurements 
on prosthesis sizing. In this sense, for each patient, manufac-
turer-recommended sizing algorithms [23, 24] were applied 
to the AoA area measurements extracted at different cardiac 
time points, identifying the theoretical prosthesis size for 
each. Because the sizing charts present an overlap between 
prostheses’ sizes, five sizing groups were considered, namely 
23, 23/26, 26, 26/29 and 29-mm. Because these recommen-
dations were originally created on the basis of multidetec-
tor row computed tomographic area measures, all measures 
were corrected to remove the systematic difference between 
modalities, as previously described in Queirós et al. [21].

Evaluation approach and statistical analysis

Continuous variables are reported as mean ± standard devia-
tion (SD) plus range, and categorical variables as frequen-
cies. The median and interquartile range (IQR) is reported 
for unequally distributed continuous variables (tested by the 
D’Agostino–Pearson omnibus normality test). Two-tailed 
paired t-tests were used to test for significant differences 

Table 1   Patients’ baseline characteristics (n = 42)

Data are expressed as mean ± SD or as number (percentage). When 
data are not available for all patients, the number of cases considered 
is given in parentheses
EF: ejection fraction; EuroSCORE: European System for Cardiac 
Operative Risk Evaluation; mPAP: mean pulmonary artery pressure; 
NYHA: New York Heart Association

Age (year) 84.1 ± 5.2
Men 19 (45.2%)
NYHA class ≥ III 38 (90.5%)
Surgical risk assessment
 Logistic EuroSCORE, % (n = 9) 10.0 ± 9.7
 EuroSCORE II, % (n = 24) 6.2 ± 6.8
 Porcelain aorta 0 (0.0%)
 Frailty 31 (73.8%)
 Creatinine > 2 mm/dL 2 (4.8%)

Cardiac risk factors
 Hypertension 40 (95.2%)
 Diabetes 15 (35.7%)
 Hyperlipidemia 31 (73.8%)

Medical history
 Cardiac surgery 2 (4.8%)
 Percutaneous coronary intervention 22 (52.4%)
 Preexisting pacemaker/defibrillator 6 (14.3%)
 Myocardial infarction 7 (16.7%)
 Cardiomyopathy 4 (9.5%)
 Stroke 4 (9.5%)
 Cerebrovascular disease 5 (11.9%)
 Peripheral vascular disease 4 (9.5%)
 Chronic obstructive pulmonary disease 4 (9.5%)
 Atrial fibrillation 8 (19.0%)

Clinical parameters
 Mean transaortic gradient, mmHg (n = 41) 51.0 ± 18.1
 Peak transaortic gradient, mmHg (n = 41) 73.7 ± 22.x8
 Peak velocity, m/s (n = 41) 4.26 ± 0.67
 Aortic valve area, cm2 (n = 40) 0.71 ± 0.19
 mPAP, mmHg (n = 27) 30.9 ± 10.9
 EF, % 57.3 ± 13.0
 Calcification severity (n = 41)
  None or mild 11 (26.2%)
  Moderate or severe 30 (71.4%)
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between equally distributed continuous variables. To assess 
agreement between tracking- and segmentation-based meas-
ures, Bland–Altman (BA) analyses [25] were performed, 
computing both biases and limits of agreement (LOA). BA 
analyses were also used to quantify the intra- and interob-
server variability for the dynamically extracted measures, 
calculating the agreement between repeated measures. The 
statistical significance of the biases was tested using a two-
tailed one-sample t-test against zero, while a two-tailed 
F-test was used to compare the LOA. All tests assumed sig-
nificance for a p-value < 0.05. The statistical analyses were 
performed using SPSS Statistics version 20 (IBM, Armonk, 
NY) and GraphPad Prism version 6.01 (GraphPad Software 
Inc., CA, USA).

The total time taken to perform an analysis (starting 
after loading the volume and until finishing the extraction 
of dynamic measurements) was recorded.

To assess the potential effect of the dynamic measure-
ments taken, the sizing agreement between the theoretically 
selected prosthesis size for the mid-systolic frame (often 
used for these measurements) and other time points was 
evaluated. Maximum and minimum measurements, as well 
as measures at specific cardiac moments (namely mid-sys-
tole, end-systole and end-diastole), were also considered. 
Moreover, the agreement against the truly implanted size 
was also evaluated. In all scenarios, borderline cases (i.e. 
whose measures lay in the overlapping regions in the sizing 
guide) were considered successfully sized if either of the 
possible sizes matches the other approach’s size (or sizes, if 
also in the overlapping region).

Results

Dynamic aortic valve morphology assessment

Figure 2 illustrates some tracking results, together with the 
extracted dynamic area and perimeter values for the four 
studied levels (some example videos are also provided in 
Online Resource 1 to 5). For each measurement (Obs1 analy-
ses), the maximum and minimum area and perimeter during 
the cardiac cycle were identified. Table 2 shows the average 
values (and ranges) for each, as well as the absolute and rela-
tive differences. Both area and perimeter measures varied 
significantly throughout the cycle at the four levels, with 
the perimeter showing smaller relative changes than the area 
(p < 0.0001, in a paired t-test). Among the studied levels, 
the LVOT presented larger relative changes, followed by the 
AoA, with both the sinuses of Valsalva (SoV) and the sino-
tubular junction (STJ) presenting smaller changes over time.

Accuracy test against independent 
segmentation‑based measurements

The performance of the proposed tracking algorithm was 
validated by computing the agreement between the dynami-
cally extracted measures for the AoA plane and the seg-
mentation-based ones, for the four frames independently 
analyzed by the first observer (in a total of 168 area/perim-
eter values). Overall, the tracking-derived measures had an 
agreement of 2.2 ± 26.3 mm2 and 0.0 ± 2.53 mm for AoA 
area and perimeter values, respectively (see examples in 
Fig. 3). No significant biases were found, while the LOA 
were similar to the ones reported among observers for an 
interactive analysis with the previously proposed AV tract 
segmentation framework (SD of 22.7 mm2 and 2.2 mm for 
area and perimeter, respectively) [21].

Fig. 1   Overview of the proposed software tool for dynamic AV meas-
urements extraction. Upon segmenting the AV tract surface (in blue) 
at a MS frame using the previously presented segmentation and siz-
ing software tool (a), the proposed tracking algorithm is sequentially 
applied between pair of adjacent frames (forward and backward) to 

estimate the motion and deformation of the AV tract throughout the 
full volume sequence (b). From the estimated motion, the short-axis 
planes passing through the studied levels (in white/red) can be propa-
gated, allowing to extract dynamic measurements across the cardiac 
cycle (c)
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Reproducibility experiment

To evaluate the reproducibility of the extracted measures, the 
AoA dynamic measurements obtained in each of the three 
analyses (Obs1, Obs2 and Obs1R) were gathered. Figure 3 
presents some example measurement curves. For each pair 
of analyses (Obs1 vs. Obs1R and Obs1 vs. Obs2, intra- and 

interobserver, respectively), the difference between meas-
ured values was calculated, and the average and SD com-
puted over all time points and datasets. To remove the bias 
introduced by the different MS values measured in each of 
the observers’ analyses (see bias at MS in Fig. 3), this value 
was subtracted to the entire curve before computing the 
agreement. This allows to assess the true difference in terms 

Fig. 2   Tracking results for three representative cases, with associ-
ated measurement curves. For each case, the automatically tracked 
AV tract surface (in blue) at eight frames (distributed over the cardiac 
cycle) is illustrated, together with the propagated SAx measurement 

levels (in red/white). The automatically computed dynamic area and 
perimeter measures for each one of these levels is presented in the 
right panel
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of measures’ variation along the cycle when the tracking is 
initialized with different surfaces and SAx planes. Indeed, 
even if the observer chooses to segment the AV tract closer 
or farther from the wall (which depends on personal prefer-
ences and/or on the segmentation algorithm), one expects 
the measured value to vary similarly across the cycle.

Table 3 presents the intra- and interobserver agreement 
for area and perimeter measures obtained at all anatomical 
levels. Interestingly, both intra- and interobserver reproduc-
ibility presented significantly narrower LOA when compared 
to the variability in measurements extracted via independ-
ent segmentation-based analyses [21]. Figure 4 presents the 
boxplots for intra- and interobserver agreements over time. 
Overall, there is a tendency for higher reproducibility (lower 
IQR) at the frames closer to the reference one (i.e. MS), pro-
gressively decreasing (higher IQR) in frames farther from it 
(i.e. larger number of propagation steps).

Analysis time

An automated dynamic analysis took, on average, 
77.4 ± 12.1 s. The reported time includes the frame selection 
and interactive segmentation step (around 1 min, as previ-
ously reported in Queirós et al. [21]), plus the tracking step 
(less than 15 s, half of which used in the motion estimation 
stage over the whole sequence and half used for the surface/
planes propagation stage).

Influence on prosthesis size

The distribution of the theoretically selected prostheses 
sizes for the distinct time points evaluated, plus the clini-
cally implanted valve, is illustrated in Fig. 5, together with 
the sizing agreement of each moment against predicted mid-
systolic and true implanted sizes. Overall, the higher sizing 
agreements against predicted mid-systolic sizes were found 
for measures extracted during the systolic phase (100% 
agreement), with lower agreements being obtained during 
diastole (95–98%). When compared against the implanted 
sizes, the highest agreement was found for the early systolic 
phases (i.e. maximum measured value, and between 10 and 
30% of the R–R interval; with 86% agreement), being once 
again lower for diastolic time points (between 69 and 74%).

Discussion

In this study, we present and evaluate a novel software tool 
for dynamic assessment of the AV tract morphology in 3D 
transesophageal echocardiographic images. After automatic 
segmentation and sizing of the AV tract in a mid-systolic 
frame with a previously presented tool [21], this novel soft-
ware is able to automatically track the AV tract throughout 
the TEE volume sequence, thus extracting dynamic meas-
urements at distinct anatomical levels. The accuracy of the 
measurement curves was assessed against independent seg-
mentation-based analyses at different time points, while their 

Table 2   Maximum/minimum 
dimensions for the four studied 
levels, and absolute and relative 
changes for each

Values are mean ± standard deviation (range). Area and perimeter values are presented in mm2 and mm, 
respectively. *Two-tailed paired t-test between maximum and minimum values

Maximum Minimum Absolute change Relative change p-value*

LVOT
 Area 385.7 ± 86.3

(228.4–555.8)
304.1 ± 80.5
(143.6–450.0)

81.6 ± 33.4
(33.6–203.2)

21.7 ± 8.2
(8.0–38.7)

< 0.0001

 Perimeter 69.8 ± 7.9
(53.9–84.3)

62.8 ± 8.3
(44.1–76.6)

7.1 ± 3.0
(2.1–16.5)

10.2 ± 4.2
(2.9–19.6)

< 0.0001

AoA
 Area 421.2 ± 85.3

(253.8–599.4)
362.4 ± 80.0
(188.2–531.8)

58.8 ± 21.4
(24.1–124.6)

14.2 ± 4.9
(6.1–25.8)

< 0.0001

 Perimeter 72.7 ± 7.5
(56.5–86.9)

67.7 ± 7.6
(49.5–81.8)

5.0 ± 1.8
(2.1–10.5)

7.0 ± 2.5
(2.7–12.4)

< 0.0001

SoV
 Area 736.8 ± 190.9

(404.4–1279.4)
673.0 ± 179.1
(378.1–1219.4)

63.8 ± 23.0
(24.4–114.0)

8.7 ± 2.5
(3.9–13.8)

< 0.0001

 Perimeter 96.6 ± 12.7
(73.0–128.4)

92.7 ± 12.4
(69.9–125.4)

3.8 ± 1.2
(1.6–6.4)

4.0 ± 1.2
(1.8–6.7)

< 0.0001

STJ
 Area 561.1 ± 152.8

(317.2–964.5)
522.7 ± 145.4
(282.9–924.0)

38.4 ± 15.3
(8.1–68.9)

6.9 ± 2.3
(1.6–10.8)

< 0.0001

 Perimeter 83.2 ± 11.3
(62.7–109.8)

80.3 ± 11.1
(60.0–107.6)

2.9 ± 0.9
(0.8–4.4)

3.5 ± 1.1
(1.0–5.4)

< 0.0001
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robustness was studied by comparing two analyses done by 
the same or different observers. In both scenarios, the soft-
ware proved to be feasible, extracting accurate and reproduc-
ible dynamic measurements, which may be an added value 
for preoperative valve sizing.

The proposed software tool showed to be able to accu-
rately track the aortic wall movement (see example videos), 
being able to locally capture its heterogeneous deforma-
tion. Indeed, one expects the LVOT wall to present larger 
motion throughout the cycle (see Fig. 2c) as a result of the 
interaction with the mitral valve opening and closing [26]. 

Fig. 3   Example measurement curves obtained in the three observ-
ers’ analyses for six cases  (a-f). For each case, the extracted meas-
urement curves for annular area and perimeter (left and right in each 
panel, respectively) are illustrated. The measures extracted by the first 
observer through a segmentation-based analysis at four independent 
frames are depicted as black triangles, together with the value at the 

initial MS frame. The shaded region represents the expected LOA 
(drawn around the average value between Obs1 and Obs2) for area/
perimeter measurements taken by different observers when using an 
interactive analysis with the AV tract segmentation tool (based on the 
results in Queirós et al. [21])

Table 3   Intra- and interobserver 
reproducibility measurements 
extracted at all levels of interest 
with the proposed software tool

Values are mean ± SD. Area and perimeter values are presented in mm2 and mm, respectively
*Two-tailed one-sample t-test against zero

LVOT AoA SoV STJ

Intraobserver reproducibility
 Area − 0.51* ± 9.36 0.85* ± 6.18 1.22* ± 11.89 0.45* ± 7.85
 Perimeter − 0.22* ± 0.95 0.00 ± 0.64 0.01 ± 0.82 0.01 ± 0.59

Interobserver reproducibility
 Area − 1.64* ± 8.10 0.65* ± 7.90 − 0.39 ± 9.94 − 1.33* ± 8.51
 Perimeter − 0.14* ± 0.91 0.08* ± 0.80 − 0.07* ± 0.72 − 0.15* ± 0.69



888	 The International Journal of Cardiovascular Imaging (2019) 35:881–895

1 3

Moreover, the aortic annulus is also known to present con-
formational changes throughout the cycle (and not only 
size-related changes), whereas other regions (such as the 
sinuses) may present lower deformation or only increase 
in size because of the passage of blood through the valve 
(see Appendix A). Overall, the software’s feasibility and 
accuracy were demonstrated by the physiological measure-
ment curves obtained (Appendix A; and example videos), 
which are in agreement with previous reports [9, 10, 12–14, 
27–31]. Moreover, the fact that the maximum/minimum 
measured value varied in terms of cardiac moment across the 
study population (Appendix A, Fig. 7) also demonstrates the 
software’s relevance for clinical practice, as these measures 
can be extracted throughout the entire cycle, rather than in 

a single time point, and thus allow to more accurately size 
the prosthesis.

In addition, the proposed software showed accurate 
and reproducible results across all experiments (Figs. 3, 4; 
Table 3). When compared to independent segmentation-
based analyses performed at multiple frames along the car-
diac cycle, an excellent agreement was obtained, with LOA 
similar to the ones reported between observers using the 
previously proposed segmentation framework [21]. Remark-
ably, in terms of tracking reproducibility, even narrower 
limits of agreement were found (Table 3), either between 
analyses done by the same observer or by two distinct 
observers. When comparing the four studied levels, the STJ 
level presented LOA similar to the AoA plane, whereas both 
LVOT and SoV showed slightly wider LOA. This result is, 

Fig. 4   Intra- and interobserver reproducibility for annular a, b area 
and c, d perimeter measurements obtained by the proposed tracking 
software. To obtain a temporal correspondence between frames of all 
measurement curves, the end-diastolic (ED) and mid-systolic (MS) 
frames of all sequences were aligned, and the curves’ values linearly 

interpolated over time (independently for each part, i.e. ED to MS 
and MS to ED). The ends of the whiskers represent the lowest and 
highest data point still within 1.5 times the interquartile range of the 
lower and upper quartile, respectively. Outliers were omitted for bet-
ter visualization

Fig. 5   Distribution of the 
theoretically selected prostheses 
sizes for distinct time points, as 
well as the true implanted size. 
The percentage of sizing agree-
ment for each moment against 
both mid-systolic and implanted 
sizes is also depicted. The red 
dashed lines show the percent-
age at which the transition 
between sizes (23 to 26, and 26 
to 29-mm) occurs for the truly 
implanted prostheses
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to a large part, related to the variability in automatically 
positioning the SAx planes themselves. Indeed, while both 
AoA and STJ levels are related to fixed anatomical posi-
tions (i.e. passing through the leaflets’ nadirs and the transi-
tion between sinuses and ascending aorta, respectively), the 
LVOT and SoV are positioned with respect to other ana-
tomical cues (i.e. the LVOT level is below the AoA plane, 
whereas the SoV should pass at the sinuses’ bulges) and 
their exact placement is thus less reproducible. Note also 
that, for any tracking algorithm, the LVOT’s faster motion 
is the most critical region, and may thus present sub-optimal 
results, especially if the acquisition frame rate is low or the 
image quality unsatisfactory. This can also help explain the 
slightly lower reproducibility at this level. Between the AoA 
and STJ, the former had narrower LOA, which is also related 
with the ease in placing the SAx plane at this level (i.e. the 
STJ is usually close to the limits of the image’s field-of-view, 
which hampers its assessment). Nevertheless, all LOA were 
below the interobserver variability found for independent 
segmentation-based analyses. Given that the segmentation 
and sizing software tool has already shown increased inter-
observer reproducibility compared to manual delineation 
[21], this result reinforces the advantage of a tracking-based 
strategy to dynamically assess the AV morphology during 
preoperative TAVI planning.

In terms of prosthesis theoretical sizing, an excellent 
agreement against MS-based sizing was observed for all 
measures taken at systolic phases (Fig. 5), slightly decreas-
ing for diastolic ones. It is important to notice that, despite 
small enough to avoid changing the prosthesis size (hence 
the perfect agreement), early systolic measures tended to be 
slightly larger than MS ones, leading to the sizing of larger 
valves (from a specific size to the upper borderline region, 
or similar transitions). This occurred in 7 to 14% of the 
cases when comparing early-systolic measures (e.g., maxi-
mum measured value or 20% of the R–R interval) against 
mid-systolic ones, and up to 60% of the cases when com-
paring diastolic and MS measures. Moreover, when com-
pared against true implanted sizes, early systolic measures 
showed a slightly better agreement compared to the original 
cardiac moment used for sizing (the MS phase chosen by 
the observer to perform the delineation). Altogether, these 
results suggest that measures taken at an early systolic phase, 
or instead determined by identifying the maximum value in 
a dynamic analysis (as enabled by the proposed software 
tool), might improve prosthesis sizing. Although it would be 
relevant to assess whether selecting a larger prosthesis would 
lead to a better patient outcome, this was out of the current 
manuscript’s scope, being required a prospective study to 
ascertain this hypothesis.

Interestingly, the proposed software showed also to be 
time efficient, requiring ~ 80 s only to extract the dynamic 
measurements for the four studied levels in a TEE volume 

sequence. If one would manually and independently assess 
the AV tract dimensions at all frames, the required analy-
sis time would be proportional to the number of analyzed 
frames (~ 1 min per frame if using our previous segmenta-
tion and sizing software tool or around 5 min for a routine 
manual measuring analysis [32, 33]). In fact, even if one 
would assess a few cardiac instances only (e.g., mid-systole, 
end-systole, diastasis and end-diastole), the analysis time 
would be impractical for daily routine use.

Study limitations

First, this is a single-center retrospective study, and a 
larger prospective study is required to validate the obtained 
results and better understand the interest of having dynamic 
measurements for prosthesis sizing during TAVI planning. 
Indeed, note that the sizing agreement here presented is 
simply theoretical, failing to include other relevant clinical 
factors used. Second, given the lack of ground truth data 
regarding the underlying motion of the AV tract in clinical 
images, the accuracy of the proposed software tool could 
only be evaluated against tracings. However, note that the 
latter is the routine method used in practice. Third, the soft-
ware tool was validated in images acquired with an ultra-
sound system from a single vendor, and thus the software’s 
feasibility to images acquired in machines from other ven-
dors must still be studied.

Conclusion

In summary, this study presents a novel fast and automatic 
software tool for AV tract tracking in 3D-TEE images, allow-
ing the extraction of dynamic measurements. The proposed 
software presented physiological results, while demonstrat-
ing to be accurate and reproducible with respect to inde-
pendent segmentation-based analyses. Moreover, it showed 
to be suitable for a fast, dynamic analysis, which may be 
relevant for its use in prosthesis sizing during preoperative 
TAVI planning.
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Appendix A

To better understand the AoA dynamics (potentially rel-
evant for TAVI prosthesis sizing), Fig. 6 presents the aver-
age area/perimeter throughout the cardiac cycle over all 
subjects, as well as the relative area/perimeter change over 
time using the value at the end-diastole phase (last frame; 
ED) as reference. The average (and SD) eccentricity index 
(EI) was also calculated [34], and its relative change with 
respect to the ED phase is also depicted. Note that an EI of 
0 represents a perfect circle, with higher EI indicating an 
elliptical geometry. Moreover, Fig. 7 illustrates the distri-
bution of the temporal phase (as a percentage of the cardiac 
cycle duration) in which the maximum and minimum area 
and perimeter values were detected for the entire study 
population. Note that both first and last moments of the 
cycle correspond to the ED phase, with the average MS 
time point defined by the observer (used in the segmenta-
tion stage and set as the starting point for the tracking) 
also shown. Note also that, in the study population, the 

end-systolic (ES) moment occurred at a median ~ 53% of 
the R–R interval.

Overall, both area and perimeter (Fig.  6a–e) were 
larger in systole and lower in diastole, which is in agree-
ment with previous reports that used independent delin-
eation-based analyses in multidetector row computed 
tomography or 3D-TEE images [9, 12, 27, 28]. These 
results demonstrate the adequacy of the proposed soft-
ware in extracting physiological and clinically-relevant 
measurements. Moreover, from the computed eccentricity 
index (Fig. 6c, f), one observed a more circular annular 
shape during systole, being more oval in diastole, which 
is also in accordance to the known dynamic conforma-
tional changes of the AoA throughout the cardiac cycle 
[10, 14, 27].

The fact that the exact phase of maximum and mini-
mum area/perimeter (Fig.  7) varied across the study 
population also corroborates the relevance of extracting 
these measures from multiple time points for an accurate 
prosthesis selection during preoperative TAVI planning, 
rather than from a single frame. Indeed, the phase of maxi-
mum size occurred, in median, at 20% of the R–R interval 
(area: 18.8%R–R, IQR [14.8, 27.0]; perimeter: 19.3%R–R, 
IQR [14.8 31.0]), as reported in Blanke et al. [12], which 
means that early systolic measures are slightly larger than 
those obtained at the mid-systolic phase, i.e. the indicated 
measurement phase in current guidelines [35]. In its turn, 

Fig. 6   Average a area, b perimeter, and c eccentricity index (EI) val-
ues measured across the cardiac cycle at the aortic annulus (AoA). 
Relative change of d area, e perimeter, and f EI values with respect 
to the end-diastole (last frame; 100% R–R interval). The vertical bars 

indicate the standard deviation of the measures across the entire study 
population. To obtain a temporal correspondence between frames 
of all measurement curves, the first and last frames of all sequences 
were aligned, and the curves’ values linearly interpolated over time
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the phase of minimum size was, in median, at 80% the 
R–R interval (area: 81.7%R–R, IQR [63.0 92.9]; perim-
eter: 80.0%R–R, IQR [65.2, 92.5]), which is slightly later 
than the reported in a previous study [12]. This is partly 
related to a few cases in which the minimum value was 
found to be the ED frame (the last one in the sequence), 
which may be associated to some inaccuracy of the track-
ing algorithm given its distance from the mid-systolic ref-
erence frame and thus cumulated error. This result might 
be improved if one minimizes the number of propagation 
steps, as reported in Queirós et al. [19]. However, this 
type of strategies can only be applied to sequences with a 
complete cycle.

For completeness sake, Fig. 8 presents the measure-
ments’ variation across the cardiac cycle for the other 
three studied levels. Despite the similar trends in relative 
changes across the cycle for both area and perimeter (larger 
values in systole and smaller ones in diastole), a distinct 
magnitude of relative change was obtained over time for 
each level. Indeed, the LVOT and aortic annulus presented 
larger relative changes in area and perimeter across the 
cycle when compared to both SoV and STJ levels (Table 2), 
with the difference between maximum and minimum meas-
ured values being statistically different for all levels. This 
has been reported for the aortic annulus in several previous 
studies [9, 11–13, 30], although the exact amount of change 
or its significance varied between populations (e.g., with or 
without aortic stenosis) and between studies (as described 
in the recent review on the subject in Suchá et al. [10]). 
Similar findings have also been described for the LVOT 
[14, 31]. Of note, when splitting the study population on 
the basis of the calcification severity (none/mild vs. moder-
ate/severe cases; Table 1), no significant differences were 

observed for the measures’ relative changes at any of the 
studied levels (Appendix B).

Interestingly, the observed relative changes were lower 
for perimeter, when compared to the area. Such observa-
tion has been previously reported for the aortic annulus 
[12, 13], and has led to the suggestion of using perimeter-
based values to size the TAVI prosthesis [36]. Note that 
this lower relative change for perimeter is not only associ-
ated to the relative change in AoA size (i.e. mathemati-
cally, these two quantities vary in different proportions 
with respect to the radius), but is particularly associated 
to the change in the AoA shape itself (see the changes in 
EI across the cycle in Fig. 6c, f), making the perimeter 
more robust (i.e. less variable) to differences throughout 
the cardiac cycle.

With respect to the EI (Figs. 6c, f, 8g–i, p–r), the AV 
tract presented a more circular geometry at the SoV and 
STJ levels, when compared to either AoA or LVOT planes. 
Moreover, the relative change of EI was significantly larger 
at the LVOT level (in a paired t-test against the other lev-
els), which is in agreement with previous studies [14, 29]. 
In contrast, both SoV and STJ had smaller relative changes 
in EI across the cycle (in paired t-tests against both LVOT 
and AoA levels). Their larger area/perimeter values in sys-
tole can be mostly associated to an increase in size due to 
higher systolic than diastolic pressures. Note that, between 
them, the STJ presented a tendency for a lower relative 
change in area/perimeter values (Table 2; Fig. 8), which 
might be explained by the lower elasticity of this anatomi-
cal ring [26].

Fig. 7   Histogram of the temporal phase (as %R–R) at which the a 
maximum and b minimum area, and c maximum and d minimum 
perimeter were measured at the aortic annulus (AoA). The red dashed 
line represents the average mid-systolic phase (as %R–R) used by 

the observer to start the analyses (i.e. segmentation stage) across the 
study population. All measurement curves were temporally aligned as 
described in Fig. 6
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Appendix B

Table 4 presents the average (and standard deviation) of 
the maximum/minimum area and perimeter measured dur-
ing the cardiac cycle, and associated absolute and relative 
differences, for the four studied levels, when splitting the 

study population on the basis of the calcification sever-
ity (none/mild vs. moderate/severe). Note that the calci-
fication score (none, mild, moderate or severe grade) was 
visually determined by an experienced cardiologist using 
a preoperative MDCT scan at the time of TAVI planning 
and was retrospectively gathered for this study. Overall, 
despite the slightly different maximum/minimum values 
for some levels (namely LVOT, SoV and STJ), no statisti-
cally significant difference was found between groups for 
the measures’ relative changes (in a two-tailed unpaired 
t-test, with Welch’s correction). This result suggests that, 
for our study population, no differences exist in terms of 
magnitude of conformational changes between patients 
with lower (none/mild group) or higher (moderate/severe) 
amount of calcium.

Fig. 8   Average a–c area, d–f perimeter, and g–i eccentricity index 
(EI) values measured across the cardiac cycle at the left ventricu-
lar outflow tract (LVOT), sinuses of Valsalva (SoV) and sinotubular 
junction (STJ), respectively. Relative change of j–l area, m–o perim-
eter, and p–r EI values with respect to the end-diastole (last frame, 
100% R–R interval). The vertical bars indicate the standard devia-
tion of the measures across the study population. To obtain a tem-
poral correspondence between frames, the first and last frames of all 
sequences were aligned, and the curves’ values linearly interpolated 
over time

◂

Table 4   Maximum/minimum 
dimensions, and associated 
absolute and relative changes, 
for the four studied levels when 
dividing the study population 
based on the calcification 
score into “none/mild” and 
“moderate/severe” groups

Values are mean ± standard deviation. Area and perimeter values are presented in mm2 and mm, respec-
tively
No statistically significant difference between groups in a two-tailed unpaired t-test (with Welch’s correc-
tion)

Maximum Minimum Absolute change Relative change

None/mild (n = 11)
 LVOT
  Area 396.1 ± 82.4 314.3 ± 70.4 81.8 ± 30.5 20.7 ± 6.0
  Perimeter 70.7 ± 7.6 63.8 ± 7.6 6.9 ± 2.3 9.8 ± 3.2

 AoA
  Area 421.9 ± 84.0 363.6 ± 77.5 58.2 ± 18.3 14.0 ± 4.0
  Perimeter 72.8 ± 7.4 67.8 ± 7.6 5.0 ± 1.3 7.0 ± 2.0

 SoV
  Area 696.3 ± 160.7 634.3 ± 146.0 62.0 ± 21.2 8.9 ± 2.1
  Perimeter 94.1 ± 11.5 90.5 ± 10.9 3.7 ± 1.0 3.9 ± 0.9

 STJ
  Area 538.8 ± 118.8 501.1 ± 113.9 37.8 ± 11.9 7.1 ± 1.9
  Perimeter 82.0 ± 9.3 79.1 ± 9.0 2.9 ± 0.7 3.6 ± 0.8

Moderate/severe (n = 30)
 LVOT
  Area 382.6 ± 90.2 302.9 ± 84.9 79.7 ± 33.9 21.5 ± 8.6
  Perimeter 69.6 ± 8.3 62.6 ± 8.6 6.9 ± 3.2 10.1 ± 4.6

 AoA
  Area 421.9 ± 88.5 363.6 ± 83.0 58.2 ± 22.7 14.1 ± 5.2
  Perimeter 72.7 ± 7.8 67.8 ± 7.8 5.0 ± 2.0 6.9 ± 2.7

 SoV
  Area 755.6 ± 202.7 692.1 ± 190.7 63.9 ± 24.1 8.5 ± 2.6
  Perimeter 97.7 ± 13.2 93.9 ± 13.0 3.8 ± 1.2 4.0 ± 1.3

 STJ
  Area 573.6 ± 165.0 534.9 ± 156.5 38.7 ± 16.7 6.8 ± 2.5
  Perimeter 84.0 ± 12.2 81.1 ± 11.9 2.9 ± 1.0 3.4 ± 1.2
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