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1. Introduction
Transcatheter Pulmonary Valve Implantation
(TPVI) is a minimally invasive procedure aimed
at restoring pulmonary valve function in pa-
tients with Right Ventricular Outflow Tract
(RVOT) dysfunction. This intervention is par-
ticularly relevant in patients with congenital
heart disease, such as Tetralogy of Fallot (ToF),
the most common cyanotic congenital heart de-
fect, affecting approximately 3.9 per 10,000 live
births [10]. ToF is characterized by four major
cardiac anomalies: RVOT obstruction, a ven-
tricular septal defect, an overriding aorta, and
right ventricular hypertrophy [3].
Following surgical repair, the RVOT often expe-
riences structural and functional changes, such
as dilation, altered biomechanics, and residual
obstruction, which may require further interven-
tion [3]. While open-heart surgery remains an
option, minimally invasive procedures like TPVI
offer a viable alternative [10]. TPVI involves im-
planting a bioprosthetic valve in the pulmonary
annulus or RV conduit using a crimped catheter,
which is guided through central venous access
[4]. Accurate assessment of RVOT dynamic
morphology is key to selecting TPVI candidates
and to planning the procedure [6].

Yet, conventional planning tools rely on static
imaging, which does not capture dynamic
changes [1]. Alternative approaches have been
proposed to produce a dynamic analysis, but
these are limited to one or multiple cross-
sectional planes; hence, these must rely on sim-
plifying assumptions and do not provide a fully
3D characterization of RVOT deformations [7].
To overcome these limitations, this work
presents a fully automated workflow based on
4D CT, enabling frame-by-frame 3D registra-
tion of the RVOT over the entire cardiac cy-
cle. This methodology quantifies not only dy-
namic changes in cross-sectional area and shape,
but also the strain field over the RVOT wall,
highlighting, e.g., possible asymmetries or inho-
mogeneities in RVOT compliance. This infor-
mation can better support TPVI planning and
decision-making.

2. Materials and methods
The fully automated pipeline consists of several
sequential steps.

2.1. Segmentation
Anatomical structures are automatically seg-
mented from 4D CT volumetric images using
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TotalSegmentator, a deep-learning-based tool for
multi-organ segmentation [9]. Namely, for every
frame of the 4D CT dataset the segmentations of
the Right Ventricle (RV ) and Pulmonary Artery
(PA) are extracted. The binary masks of the
segmentations are merged to analyze the entire
structure and include the complete RVOT.

2.2. Mesh generation
The isosurface of each segmentation mask is ex-
tracted as 3D triangulated surface, or mesh, and
refined: PA and RV surfaces are processed by
hole-filling; the combined surface is remeshed
into a uniform triangulation with characteristic
size 1 mm and smoothed with a Taubin filter to
make it suitable for the subsequent 3D tracking
step.

2.3. Features extraction
Anatomical landmarks are extracted from the
PA and RV refined meshes. In the end-systolic
frame only, i.e., the frame at 30% of the cardiac
cycle, PA centerline is extracted. To this aim,
the following points are automatically identified
in the PA and RV meshes:
• The centroid of the Pulmonary Valve (PV)

orifice (V ). The region of minimum dis-
tance between RV and PA meshes is iden-
tified; the RV and PA points falling in this
region are fitted with a plane, and V is com-
puted as their centroid.

• The endpoints of the PA main branches (E1

and E2). These are identified as the PA
points with the greatest geodesic distance
from V . Of note, V , E1, and E2 are iden-
tified at every frame. A frame is marked
as critical if the number of detected end-
points is lower than 2, suggesting a possible
segmentation error.

• The RV point (S) furthest from V .
The points E1, E2, and S are projected on the
combined PA-RV mesh. Their projections are
used to compute two centerlines (C1 and C2).
These are the optimal geodesic paths from the
projections of E1 and E2, respectively, to the
projection of S. The centerline region relevant
to the subsequent analyses, i.e., the centerline of
the RVOT and of the common PA, is identified
considering the tract of C1 and C2 running from
the points where these debranch (PB1 and PB2,
respectively) to the points that are 2 cm from V

into the RV cavity (PV 1 and PV 2, respectively).
PB1 is identified as the most distal points in C1

such that its distance from its nearest neighbor
in C2 is shorter than 5·voxeldiagonal. PB2 is the
nearest neighbor of PB1 in C2. In this tract, an
average RVOT centerline (Caverage) is computed
by averaging the coordinates of every point in C1

with the coordinates of the corresponding near-
est neighbor in C2. It is then smoothed using
a Savitzky-Golay filter and resampled every 1
mm. The resulting refined centerline (Csmoothed)
is used to guide the automatic clipping of the
RV+PA mesh to isolate the RVOT surface. The
clipping process relies on two planes:
• The proximal plane, placed at the first point

of Csmoothed, aligning its normal with the
corresponding tangent vector.

• The distal plane, which initially runs
through the last point of Csmoothed with
its normal aligned to the last computed
tangent. This plane is then automatically
moved more proximally if the local cross-
section is too large, indicating that the
plane cuts through the PA after the actual
branching. To this aim, the cross-sectional
area A of the mesh is computed at every
point in Csmoothed. The statistical distri-
bution of A is evaluated, the tract charac-
terized by A above the 95th percentile of
the distribution is neglected, and the mean
value (Aavg) is computed on the remaining
values of A. If needed, the distal plane is
moved to the most distal point correspond-
ing to a cross sectional area ≤ 1.2 ·Aavg.

To allow the end-user to cope with extremely pe-
culiar cases, an interactive mode was also imple-
mented. If it is enabled, the user can manually
adjust the valvular and cutting planes using an
interactive interface.

2.4. Non-rigid registration
In the end-systolic frame only, the average cross-
sectional perimeter (2pavg) of the RVOT sur-
face is computed following the same process
adopted to compute Aavg. For every frame
i of the cardiac cycle, a fine combined mesh
meshTarget,i with characteristic dimension equal
to 2pavg/60 is obtained through remeshing. For
the end-systolic frame only, a coarser mesh
(coarsemeshRef,0) with characteristic dimension
equal to 2pavg/20 is obtained too.
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Using these meshes, a non-rigid registration is
applied to align coarsemeshRef,0 across consec-
utive time frames using Deformetrica, which
leverages the Large Deformation Diffeomorphic
Metric Mapping (LDDMM) framework [2]. Pre-
viously detected critical frames are skipped in
this phase. A coarse moving mesh meshRef is
initialized to coarsemeshRef,0. For i ∈ {0, Nt},
where Nt is the number of time frames (i.e.,
10), the moving mesh meshRef is deformed over
the finer target meshTarget,i+1. The deformed
configuration of meshRef is used as a moving
mesh at the subsequent time point. Notice that
the last step deforms the mesh meshRef,10 over
the meshTarget,11 ≡ meshTarget,0. This process
yields the frame-by-frame displacement of ev-
ery point of meshRef,0. Registering the entire
RV and PA structure, rather than the RVOT
alone, is meant to minimize boundary effects in
the region of interest, leading to more reliable
displacement estimations.

2.5. Geometric parameters extrac-
tion

Geometric descriptors are computed to assess
RVOT morphological changes through:

• Cross-section spatial analysis: cross-
sectional area, perimeter, equivalent
diameters, and eccentricity are evalu-
ated along the RVOT length at a single
time frame, usually corresponding to the
end-systolic phase.

• Cross-section time-dependent analysis: the
same parameters are tracked at a fixed
anatomical plane, typically the valvular
plane, throughout the cardiac cycle. With
interactive mode enabled, the user can man-
ually select anatomical planes for time-
based parameter tracking. Additionally,
the user can define the Landing Zone (LZ)
for a potential device; in this case, mini-
mum, maximum, and mean geometric pa-
rameters are computed and visualized over
the cardiac cycle.

Geometric parameters are computed from cross-
sectional slices extracted at centerline points.
For each slice, the area (A) is calculated us-
ing Delaunay triangulation, which divides the
section into triangles, and summing the areas
of these triangles. The perimeter (2p) is de-
termined by summing the edges of the section

contour. The equivalent diameters are calcu-
lated from the area (dA = 2

√
A
π ) and perimeter

(dp = 2p
π ) using standard formulas. For eccen-

tricity (e), an ellipse is fitted to the section’s

boundary (e =
√
1−

(
Minor Axis
Major Axis

)2
).

Temporal tracking is ensured by the registration
process, which aligns the reference mesh across
time frames, preserving the spatial positioning
of cross-sections for accurate morphological as-
sessment.

2.6. Deformation analysis
By comparing the reference combined mesh
(mesh0) with the registered meshes at each time
frame (mesht, t > 0), displacement dt

i at each
node xt

i of mesht for time frames t > 0 are com-
puted:

dt
i = xt

i − x0
i (1)

where x0
i represents the nodal coordinates of the

node i of the undeformed mesh mesh0.
For critical frames, where no registration is avail-
able, displacements are estimated through lin-
ear interpolation to ensure subsequent deforma-
tion analysis is performed continuously across all
time frames.
Local strain tensors are computed for each trian-
gular element eti of the combined mesh at each
time step t, with i ∈ {1, Ne} and t ∈ {1, Nt},
given Nt frames and Ne elements. The deforma-
tion gradient tensor F, which maps the reference
configuration to the deformed state, is computed
as:

F ≈ Xt
local(X

0
local)

−1 (2)

where X0
local and Xt

local are the nodal coordi-
nates in the local reference and deformed con-
figurations, respectively. The local coordinate
system is defined according to the Abaqus con-
vention, where the first local axis is obtained by
projecting the global coordinate axes onto the
element plane [8].
To separate rigid motion from deformation, F
undergoes polar decomposition as follows [5]:

F = VR (3)
where V is the left stretch tensor and R is the
rotation tensor.
From V, the nominal strain tensor ϵN is ob-
tained as [8]:
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ϵN = V − I =

3∑
i=1

(λi − 1)nin
T
i (4)

where λi are the principal stretch values, and ni

the corresponding directions.
Given that for shell elements ε31 = ε13 = ε32 =
ε23 = 0, the nominal strain tensor was outputted
for each element eti as follows:

ϵN =


ε11
ε22
ε33
γ12

 (5)

where γ12 follows the engineering shear strain
convention used in Abaqus [8] ( γij = εij +
εji, where εij = εji since ϵN is symmetric).
This analysis provides insights into the spatial
and temporal evolution of RVOT deformation
throughout the cardiac cycle.

3. Results
3.1. Validation of the tool modules
The segmentation performance was evaluated
on a dataset of 10 patients by comparing auto-
mated meshes obtained with TotalSegmentator
to manual segmentations performed in Mimics.
On average, for 89.5% of the points in the sur-
faces generated through TotalSegmentator the
distance from the corresponding surface gener-
ated through Mimics was below the CT reso-
lution threshold, i.e., the diagonal voxel size of
CT scans. Discrepancies mainly occurred at the
anatomical extremities of the PA+RV surface
rather than in the RVOT region.
For the registration process, the mean error
across different cardiac phases was evaluated on
a dataset of 5 patients, considering two frames
for each patient: best-systolic and best-diastolic.
The mean errors were consistently low, with a
percentage of points exceeding the CT resolu-
tion threshold ranging from 0 to 1.12% of the to-
tal points. Moreover, an alternative registration
strategy, considering only best-systolic and best-
diastolic frames instead of all the time instants
of the cardiac cycle, was tested. The latter per-
formed similarly in systole but led to greater
misalignment in diastole, where up to 11.42%
of the total number of points exceeded the CT
resolution threshold, compared to a maximum of

1.12% when leveraging the full 4D CT dataset,
highlighting the benefits of the latter.
To assess periodicity, the final registered mesh
was compared to the first frame, showing that a
maximum of 0.13% were more distant than the
CT resolution threshold from the ground truth
surface. When restricting the analysis to the
RVOT region, only one patient exhibited a single
point above the threshold, confirming the consis-
tency of the registration process over the cardiac
cycle.
The geometric parameters calculation was val-
idated in two steps. First, the selection of the
valvular plane was assessed by comparing the
automatic method with manual selections per-
formed by clinicians at Policlinco San Donato.
The results indicated that while the tool accu-
rately identified the valvular plane for some pa-
tients, misalignment occurred in others.
Next, the accuracy of the geometric parame-
ters calculation was assessed. Through the tool
herein presented, parameters were computed au-
tomatically and semi-automatically, i.e., upon
manual positioning of the clipping planes and
of the valvular plane to emulate the selection
performed by clinicians. The results of both
methods were compared vs. gold-standard mea-
surements performed by clinicians. The eval-
uation was performed on a dataset including
patients who underwent TPVI or Surgical Pul-
monary Valve Replacement (SPVR). As shown
in Tables 1 and 2, the automatic method ex-
hibited higher Mean Absolute Percentage Error
(MAPE) as compared to the semi-automatic ap-
proach, confirming the greater accuracy of the
latter.

ID EAuto ESemi−Auto

(SPVR) [%] [%]

02 59.2 8.2
04 17.8 4.0
06 28.5 8.8
07 7.1 7.1
28 23.2 35.3

MAPE [%] 27.2 12.7

Table 1: Percentage errors of the automatic and
semi-automatic tools for SPVR patients.

The accuracy of the strains calculation was vali-
dated by comparing the strain values computed
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ID EAuto ESemi−Auto

(TPVI) [%] [%]

03 15.2 2.5
08 12.4 12.9
10 41.4 0.1
12 84.2 4.7
13 0.9 0.9

MAPE [%] 30.8 4.22

Table 2: Percentage errors of the automatic and
semi-automatic tools for TPVI patients.

with the developed tool to those obtained from
finite element simulations performed in Abaqus.
On average, considering all strain components
(ϵ11, ϵ22, ϵ33 and γ12) across all patients, 99.81%
of the elements exhibited an error below 1%,
while only 0.07% of elements had errors exceed-
ing 10%.

3.2. Analysis of the geometric param-
eters

Patients were classified based on their eligibility
for TPVI or SPVR, and key geometric parame-
ters were tracked throughout the cardiac cycle.
Values of area, perimeter, and eccentricity were
computed at the semi-automatic valvular plane,
and their maximum, minimum, and mean values
were calculated.
The results demonstrated that SPVR patients
generally exhibited larger RVOT dimensions
than TPVI candidates. Table 3 reports the
mean values of area, perimeter, and eccentricity
for both groups, highlighting significant differ-
ences in the first two parameters. A statistical
analysis, performed by a Student’s t-test, con-
firmed that the differences in area and perimeter
between the two groups were statistically signif-
icant (p < 0.0001), whereas eccentricity values
remained comparable (p = 0.52).
Further analysis revealed that geometric param-
eter values followed a characteristic trend across
the three anatomical planes (proximal, valvular,
and distal). In both groups, area and perimeter
exhibited a decreasing trend from the proximal
to the valvular plane, followed by a slight in-
crease at the distal plane.
The evolution of geometric parameters was then
analyzed across the cardiac cycle at both the au-
tomatic and semi-automatic valvular planes. As

Parameter Group Mean

AMean [mm2] SPVR 718.9
TPVI 493.9

pMean [mm] SPVR 44.7
TPVI 36.4

eMean [−] SPVR 0.52
TPVI 0.49

Table 3: Comparison of mean geometric param-
eters between SPVR and TPVI patients.

expected, area and perimeter exhibited a cyclic
pattern, reaching a minimum in end-systole (ap-
proximately 30% of the cycle), progressively in-
creasing during diastole, and peaking at end-
diastole (0% of the cycle) before decreasing
again in systole.
Although some inter-patient variability was ob-
served, the overall trends were consistent with
the expected behavior. Slight variations in
the exact timing of the end-diastolic peak were
noted among patients, while others exhibited
minor shifts before or after this phase. Figure
1 illustrates the area variation over time for a
representative patient.

Figure 1: Tracking of area values at the auto-
matically detected valvular plane for Patient 08.

3.3. Strain analysis
RVOT strain evolution across the cardiac cy-
cle was assessed, revealing a consistent tempo-
ral and spatial distribution across all patients.
Strain increased during diastole, peaked at end-
diastole, and decreased during systole.
A representative example is shown in Figure 2,
where the strain map demonstrates a homoge-
neous ε11 distribution with smooth transitions
and no abrupt variations. Similar trends were
observed for the other components of the nomi-
nal strain tensor.
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Figure 2: ε11 nominal strain component in the
RVOT at end-diastole for Patient 08.

3.4. Computational times
The computational efficiency of the proposed
tool was assessed by recording execution times
for each processing phase. The total execution
time ranged from 3496.70 s to 7993.29 s, with a
mean of 5256.74 s.
Among all phases, the most time-consuming
step was the creation of meshes and centerlines,
which accounted for approximately 64% of the
total computational time. This was followed by
the segmentation phase, the extraction of fea-
tures and the definition of regions of interest.
The other phases, including the registration pro-
cess and the computation of morphological de-
scriptors and motion tracking, required signifi-
cantly lower execution times.

4. Discussion
The herein 4D CT-based workflow provides
clinically relevant insights for TPVI planning,
demonstrating its effectiveness and applicability.
The comparison between automatic and semi-
automatic approaches underscored the need for
accurate valvular plane identification when han-
dling ToF patients. While the automatic tool
offers speed and repeatability, manual refine-
ment enhances accuracy by aligning measure-
ments more closely with clinical practice. In ToF
cases, clinicians often select the valvular plane
based on anatomical landmarks or geometric
criteria, leading to differences in computed pa-
rameters. The semi-automatic method reduced
these discrepancies, providing values closer to

the clinical reference.
Geometric analysis revealed that SPVR patients
exhibit larger RVOT dimensions than TPVI
patients, aligning with their more extensive
anatomical reconstructions. However, eccentric-
ity values were similar between groups, indicat-
ing that shape irregularity alone does not deter-
mine treatment selection.
The smooth distribution of nominal strains be-
tween different time instants confirmed the ro-
bustness of the registration pipeline. Validation
against Abaqus simulations further supported
the accuracy of the deformation analysis.
Finally, although the tool’s computational times
are not suitable for real-time analysis, they are
considered acceptable for preoperative planning.
In conclusion, this workflow represents a sig-
nificant advancement in dynamic tracking and
strain analysis, offering patient-specific insights
across the cardiac cycle. Further improvements,
particularly in automatic plane detection, will
enhance its clinical relevance and precision.

5. Conclusions
This study introduces an automated workflow
for dynamic RVOT assessment in ToF patients,
integrating image segmentation, mesh genera-
tion, centerline extraction, geometric features
extraction, non-rigid registration and dynamic
tracking of clinically relevant parameters both
across the cardiac cycle for a specific plane and
across the RVOT length for the end-systolic
phase of the cardiac cycle. The pipeline ensures
an objective and reproducible approach to TPVI
planning.
Future improvements include:
• Focusing on the RVOT alone for patients

with complex segmentations.
• Refining valvular plane selection for better

clinical alignment.
• Automating RVOT morphology assessment

to optimize patient selection.
• Computing axial, circumferential, and ra-

dial strains to improve the clinical relevance
of deformation analysis.

• Integrating compliance calculations directly
from the radial deformation with geometric
and hemodynamic parameters.

These refinements would enhance accuracy, au-
tomation, and applicability, further supporting
personalized treatment planning.
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