
Citation: Piras, P.; Colorado-

Cervantes, I.; Nardinocchi, P.;

Gabriele, S.; Varano, V.; Esposito, G.;

Teresi, L.; Torromeo, C.; Puddu, P.E.

Geometry Does Impact on the Plane

Strain Directions of the Human Left

Ventricle, Irrespective of Disease. J.

Cardiovasc. Dev. Dis. 2022, 9, 393.

https://doi.org/10.3390/jcdd9110393

Academic Editor: Richard

L. Goodwin

Received: 26 September 2022

Accepted: 10 November 2022

Published: 15 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Cardiovascular 

Development and Disease

Article

Geometry Does Impact on the Plane Strain Directions of the
Human Left Ventricle, Irrespective of Disease
Paolo Piras 1,*, Ivan Colorado-Cervantes 2, Paola Nardinocchi 1, Stefano Gabriele 3 , Valerio Varano 3 ,
Giuseppe Esposito 4,5, Luciano Teresi 2 , Concetta Torromeo 6 and Paolo Emilio Puddu 7,8

1 Dipartimento di Ingegneria Strutturale e Geotecnica, Sapienza Università di Roma, Via Eudossiana n.18,
00184 Rome, Italy

2 Dipartimento di Matematica e Fisica, Università degli Studi Roma Tre, Via della Vasca Navale 84,
00146 Rome, Italy

3 Dipartimento di Architettura, Università degli Studi Roma Tre, Via Aldo Manuzio 72, 00153 Rome, Italy
4 Department of Advanced Biomedical Sciences, University Federico II, 80138 Naples, Italy
5 Interventional Cardiology Unit, De Gasperis Cardio Center, Niguarda Hospital, 20162 Milan, Italy
6 Dipartimento di Scienze Cardiovascolari, Respiratorie, Nefrologiche, Anestesiologiche e Geriatriche,

Sapienza Università di Roma, 00161 Rome, Italy
7 Associazione per la Ricerca Cardiologica, Via Savoia 78, 00198 Rome, Italy
8 Unité EA 4650, Signalisation, électrophysiologie et imagerie des lésions d’ischémie reperfusion myocardique,

Université de Caen Normandie, 14000 Caen, France
* Correspondence: paolopiras3@gmail.com

Abstract: The directions of primary strain lines of local deformation in Epicardial and Endocardial
layers have been the subject of debate in recent years. Different methods led to different conclusions
and a complete assessment of strain direction patterns in large and variable (in terms of pathology)
cohorts of healthy and diseased patients is still lacking. Here, we use local deformation tensors in
order to evaluate the angle of strain lines with respect to the horizontal circumferential direction in
both Epi- and Endo-layers. We evaluated this on a large group of 193 subjects including 82 healthy
control and 111 patients belonging to a great variety of pathological conditions. We found that
Epicardial strain lines obliquely directed while those of Endocardium are almost circumferential.
This result occurs irrespective of pathological condition. We propose that the geometric vinculum
characterizing Endocardium and Epicardium in terms of different lever arm length and orientation
of muscular fibers during contraction inescapably requires Endocardial strain lines to be circum-
ferentially oriented and this is corroborated by experimental results. Further investigations on
transmural structure of myocytes could couple results presented here in order to furnish additional
experimental explanations.

Keywords: strain directions; tangent plane; circumferential direction; epicardium; endocardium;
deformation tensor

1. Introduction

The complex architecture of the myocardium plays an important role in determining
different cardiac functions [1–5] and significantly influences the presence of electromechan-
ical patterns [6] and remodeling processes [7]. Its study and characterization are important
not only for their potential use in the diagnosis and treatment of cardiac diseases [8] but
also for the design of tissue-engineered grafts for myocardial repair [9]. Although my-
ocardial architecture has been extensively investigated, there is no widespread agreement
about its three-dimensional (3D) arrangement [10]. The most accepted theories describe the
myocardium as a single muscular band wrapped in a helical pattern [11] or as a continuum
of nested lamellae [12] but are still strongly questioned. Furthermore, other research em-
phasizes the ultrastructure of the myocardium, that is the 3D arrangement of the myocytes,
and show experimental evidence of branching among individual myocytes [13] and of the
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existence of interconnected myocyte pathways through the myocardium [14]. This lack
of consensus has led to a general description of the myocardium as a continuum made of
contractile fibers, whose orientation varies transmurally. This architecture suggests that
the fibers are the main load-bearing constituents, and that the principal strains should be
oriented in the same direction of the fibers; moreover, longitudinal and circumferential
strains are commonly used in the assessment of myocardial contractility.

Recent attempts have been made to answer this question, aided by 3D echocardio-
graphic measurements. Pedrizzetti et al. [15] explored the idea of the use of the plane
stress Principal Strain Lines (heretofore Primary Strain Directions, PSD) as a basis for the
study of anisotropic materials, applying this concept to the heart, and showed that cardiac
contraction occurred along functional paths suggesting a potential clinical significance. It is
crucial to anticipate now that PSD discussed here are plane stress PSD, i.e., they belong to
the local plane stress tangent to the surface of epicardium or endocardium and thus leading
to two strain directions lying on that plane (see below).

Gabriele et al. [15], with a different computational protocol with regard to Pedrizzetti
et al. [14], showed that PSD at the endocardium and epicardium are essentially circumferen-
tially and obliquely disposed, respectively, thus suggesting that the PSD at the endocardium
do not match with the supposed orientation of the muscle fibers. Their results have been
reaffirmed in experimental and computational studies [16,17], concluding that PSD on the
endocardial surface identify the lines which stiffen the Left Ventricle (LV) when it attains
the highest pressure, making them the most important contributors to the volume change
of the LV and a reliable indicator of contractility; conversely, at the epicardium, they can be
used as a clue for the anatomical fiber orientation. This pattern appears in simulated data
and was confirmed on a small group of real subjects [18]. Here, we extend the investigation
presented in [18] to a larger sample of real cases consisting of 193 individuals composed of
82 healthy subjects and 111 patients belonging to 11 different clinical conditions including
both volume and pressure overload pathologies.

We measure the PSD angle with regard to the circumferential direction of the PSD
projected tangentially to the Endo- or Epi- surfaces. The tangent plane is computed with
regard to Endo- or Epi- local curvature following the critical suggestion made by [10]. PSD
were computed by using landmark data acquired with 3D Speckle Tracking Echocardiogra-
phy (3D-STE). We highlight here that we gave a landmark-wise representation of the strains
which retains all the values computed with our data, as performed in [19]; there, it was
suggested that the 16 sector-averages of the strains, usually adopted in many cardiological
studies, are not enough for a fine assessment of deformation and motion of the LV. The first
objective pursued in this study is to find strong experimental evidence of the hypothesis
presented previously in earlier works [16–19] showing that PSD at the Endocardium tend
to follow a circumferential direction while at the Epicardium they run obliquely and are
closely oriented to the hypothesized anatomical fiber direction. Second, we want to pro-
pose a potential mechanistic explanation of why this happens. We hypothesize that the
different PSD orientation at Endo- or Epi- depends on the particular geometric relationship
of the Endocardium and Epicardium and on the initial fiber orientation assumed to follow
inverse patterns at the undeformed state [10]. We propose that the larger curvature of
the Endocardium and the smaller one of the Epicardium represent a geometric vinculum
that constrains endocardial PSD to be almost circumferential in systole. The two layers
can be thought of as two concentrical semi-ellipsoids that, under myocytes tightening,
contract and rotate in opposite directions. However, the lever arm of the Endocardium
is smaller with regard to the Epicardium and this causes its impossibility to maintain
oblique direction. This model is complicated by the fact that endocardial and epicardial
fibers, assumed to be oriented in opposite directions at starting undeformed state (diastole)
are in continuity between each other along the myocardial wall and the very nature of
fiber disposition along the transmural wall is a matter of controversy. Figure 1 shows,
platonically, this notion as well as the opposite rotation of fibers during contraction.
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We also added to the above-mentioned reproducibility analysis for the following: we 
randomly selected a sub-sample of 14 individuals (7 Controls and 7 subjects affected by 
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Figure 1. Cartoon showing the torque generation in LV muscular wall. (A) Epicardial fibers (black)
have a left-handed helical pattern, while the endocardial ones (red) have a right-handed helical
pattern. As a consequence, the hoop component of the contraction generates a torque around the
vertical axis of the LV: epicardial fibers yield a clockwise torque, while the endocardial ones yield a
counterclockwise torque. (B) Cross section of the LV at diastole, when contraction is null. (C) Cross
section of the LV at systole, when contraction is high. If the contractile force is equal in the epicardial
and endocardial fibers, the epicardial torque (black) is larger than the endocardial one (red), being
different from the lever arm.

2. Materials and Methods
2.1. Subjects

The study was performed under the approval of the review board of “Dipartimento
di Scienze Cardiovascolari, Respiratorie, Nefrologiche, Anestesiologiche e Geriatriche,
Sapienza Università di Roma”, and in accordance with the ethical guidelines of the Decla-
ration of Helsinki. Written informed consent was obtained from each subject. All patients
were enrolled to echocardiographic examinations by an Aplio–Artida ultrasound system
(Toshiba Medical Systems Co., Tokyo, Japan) thanks to an official research and devel-
opment agreement between the Dipartimento di Scienze Cardiovascolari, Respiratorie,
Nefrologiche Anestesiologiche e Geriatriche, Sapienza Università di Roma and Toshiba
Medical System Europe (Zoetermeer, The Netherlands). The dataset consists of 193 subjects;
they are divided into 12 categories, see Table 1. Table 2 shows demographic parameters of
the population under study. Clinical diagnoses were made by an expert cardiologist on the
basis of genetics, echocardiographic imaging and physiological parameters.

As we used a part of the same dataset used in [20], we take for granted the reproducibil-
ity analysis presented there, including intra- and inter- observer variation. We also added
to the above-mentioned reproducibility analysis for the following: we randomly selected a
sub-sample of 14 individuals (7 Controls and 7 subjects affected by genetically determined
Hypertrophic Cardiomyopathy) and we reconstructed them twice under the same hand
(GE). As tensor estimation uses initial landmarks positions we used cartesian coordinates
of systolic states of per-individual repeated acquisition in Bland–Altmann plots and in
Lin’s concordance correlation coefficient (CCC) for agreement on a continuous measure.
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Table 1. Subjects categories.

Code Description N

CNT control healthy subjects 82
CRR cirrhosis 13
AR aortic regurgitation 4

MI-INF myocardial infarction of inferior
wall 4

MI-ANT myocardial infarction of anterior
wall 11

SVH secondary ventricular
hypertrophy 7

G+LVH− mutation carriers for hypertrophy
without LV hypertrophy 7

HCM mutation carriers for hypertrophy
with LV hypertrophy 18

AFLVH− atrial fibrillation without
ventricular hypertrophy 9

AFLVH+ atrial fibrillation with ventricular
hypertrophy 11

HTLVH− hypertension without LV
hypertrophy 18

HTLVH+ hypertension with LV
hypertrophy 9

2.2. Strains, Tensors, Strain Directions and More

We analyzed 3D-STE data following the method of principal strain analysis proposed
in [16]. The data set of each subject contains the positions of 1296 landmarks (36 parallels
each with 36 landmarks) for both the endocardial and the epicardial surfaces of the LV, at
diastole and end-systole. On Figure 2, the left panel shows the data as outputted by the 3D-
STE echocardiographer;the right panel shows a typical PSD pattern and its representation
in the American Heart Association (AHA) bull’s-eye 16-segment model. At any landmark
location, we compute the angle αp that is measured as the deviation from the locally tangent
horizontal direction; this was done at both Endocardium and Epicardium.
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Figure 2. The 3D-STE can track the position of thousands of landmarks during the heart’s cycle. (Left
Panel) Left: Typical 3D-STE landmarks output, i.e. the discretization of LV surfaces using the position
of the landmarks tracked by the 3D-STE; each LV surface is segmented in 36 planes along the axial
direction (base to apex); planes are equally divided into 36 sections along hoop direction. (Right
Panel) Top: Example of PSD patterns as evaluated by using the original 3D-STE data. Bottom: PSD
orientations and PSs are displayed on the American Heart Association (AHA) bull’s-eye 16-segment
model. Modified from [19].
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Table 2. Demographic parameters for the categories under study here.

Group\
Variables CNT N = 82 CRR N = 13 AR N = 4 MI-INF N = 4 MI-ANT N =

11 SVH N = 7 G+LVH− N = 7 HCM N = 18 AFLVH− N = 9 AFLVH+ N =
11

HTLVH− N =
18 HTLVH+ N = 9

Sex
(M/F) 48/34 n = 82 11/2 n = 13 2/2 n = 4 3/1 n = 4 10/1 n = 11 6/1 n = 7 3/4 n = 7 12/6 n = 18 8/1 n = 9 6/5 n = 11 10/8 n = 18 8/1 n = 9

Mean
± sd n Mean

± sd n Mean
± sd n Mean

± sd n Mean
± sd n Mean

± sd n Mean
± sd n Mean

± sd n Mean
± sd n Mean

± sd n Mean
± sd n Mean

± sd n

Age,
years

38.531
±

7.877
n = 81

57.077
±

6.689
n = 13 61 ±

22.316 n = 4
58.25
±

8.382
n = 4 60 ±

9.274 n = 11
57.286
±

12.645
n = 7

45.143
±

12.812
n = 7

48.5
±

13.544
n = 18

59.778
±

13.8
n = 9

71.636
±

3.957
n = 11

56.389
±

7.578
n = 18

57.667
±

10.186
n = 9

Ejection
Fraction,

%

54.82
±

8.679
n = 82

54.435
±

7.321
n = 13

53.081
±

9.729
n = 4

59.858
±

6.912
n = 4

52.023
±

5.123
n = 11

51.896
±

9.184
n = 7

59.061
±

3.598
n = 7

58.653
±

7.828
n = 18

54.143
±

6.921
n = 9 56.399

± 7.5 n = 11
55.643
±

10.143
n = 18

56.357
±

3.921
n = 9

Weight,
kg

71.409
±

12.27
n = 66

71.385
±

10.389
n = 13

64.25
±

15.521
n = 4

83.25
±

18.392
n = 4

81.909
±

9.235
n = 11

76.286
±

6.473
n = 7 72 ±

13.416 n = 7
76.111
±

14.768
n = 18

85.444
±

10.039
n = 9

74.455
±

13.299
n = 11

75.944
±

9.716
n = 18

80.556
±

10.477
n = 9

BSA, m2
1.841
±

0.193
n = 66

1.831
±

0.157
n = 13

1.663
±

0.216
n = 4

1.94
±

0.244
n = 4

2.06
±

0.111
n = 6

1.853
±

0.065
n = 7

1.813
±

0.166
n = 7

1.869
±

0.175
n = 15

2.001
±

0.203
n = 7

1.908
±

0.175
n = 4

1.874
±

0.155
n = 18

1.944
±

0.15
n = 9

BMI,
Kg/m2

23.909
±

3.091
n = 66

24.103
±

2.67
n = 13

23.208
±

1.461
n = 4

29.105
±

3.221
n = 4

26.666
±

2.327
n = 11

27.396
±

3.694
n = 7

25.993
±

4.569
n = 7 25.869

± 3.9 n = 18
27.437
±

2.178
n = 9

25.985
±

3.97
n = 11

26.447
±

2.938
n = 18

27.039
±

2.547
n = 9

Interv.
Septum,

mm

8.197
±

1.449
n = 66

10.154
±

1.345
n = 13 10.25

± 2.5 n = 4
10.5
±

2.082
n = 4

10.091
±

1.375
n = 11

9.286
±

2.289
n = 7

9.571
±

1.618
n = 7 18 ±

4.256 n = 18
9.444
±

1.81
n = 9

11.636
±

2.111
n = 11

9.444
±

1.542
n = 18

11.667
±

1.225
n = 9

PAS,
mmHg

116.406
±

9.614
n = 64

125.615
±

9.124
n = 13

118.75
±

6.292
n = 4

121.25
±

10.308
n = 4

114.091
±

8.006
n = 11

134.286
±

11.701
n = 7

122.857
±

4.88
n = 7

123.824
±

6.002
n = 17

127.778
±

11.756
n = 9

128.182
±

10.787
n = 11

129.722
±

8.309
n = 18 130 ±

11.18 n = 9

PAD,
mmHg

73.984
±

7.724
n = 64

77.538
±

8.038
n = 13 70 ±

8.165 n = 4 75 ±
9.129 n = 4 70 ±

8.062 n = 11
84.286
±

4.499
n = 7

75.714
±

5.345
n = 7

78.235
±

5.574
n = 17

79.444
±

3.909
n = 9

75.455
±

5.222
n = 11

82.778
±

7.117
n = 18

81.667
±

7.906
n = 9

“N” indicates the individuals belonging to each category, while “n” indicates the sample size excluding case wise missing data for each variable. Abbreviations: Control healthy subjects
(CNT), Cirrhosis (CRR), Aortic regurgitation (AR), Myocardial infarction of inferior wall (MI-INF), Myocardial infarction of anterior wall (MI-ANT), Secondary ventricular hypertrophy
(SVH), Mutation carriers for hypertrophic cardiomyopathy without LV hypertrophy (G+LVH−), Mutation carriers for hypertrophic cardiomyopathy with LV hypertrophy (HCM),
Atrial fibrillation without ventricular hypertrophy (AFLVH−), Atrial fibrillation with ventricular hypertrophy (AFLVH+), Hypertension without LV hypertrophy (HTLVH−), and
Hypertension with LV hypertrophy (HTLVH+).
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Under 3D-STE procedure the landmarks at the diastole and end of the systole are
treated as anatomically homologous and tracked in time; thus, we can use the positions
of these landmarks to compute local deformation in terms of strain tensors. The 3D-STE
procedure is the application of pattern-matching technology to ultrasound cine data and
is based on the tracking of the ‘speckles’ in a 3D volume; speckles are disturbances in
ultrasounds caused by reflections in the ultrasound beam: each structure in the body has
a unique speckle pattern that moves with tissue. A cubic template image 1 cm3 sized
is created using a local myocardial region in the starting frame of the image data. It is
worth noting that this does not mean that resolution is at most 1 cm; indeed, 1 cm3 is the
dimension of the cubic template (in which the estimation point is centered) followed along
different frames in the cardiac cycle, and not the distance between nearby estimation points
to be followed in the same frame, which is approximately 0.25 cm. At any successive frame,
the algorithm identifies the local speckle pattern that most closely matches the template.
Temporal resolution is about 40 ms.

At this point it is crucial to clarify some points about deformation tensors when
applied to a 3D shape such as a human left ventricle [21]. A full 3D deformation tensor F is
a non-singular 3 × 3 matrix derived from the (infinitesimal) displacement field occurring
between an undeformed state (source), a diastole in cardiological studies, and a deformed
state, i.e., a target such as a systole. F also encodes an infinitesimal local rotation as F = RU
with R as the rotation matrix from the polar decomposition on F. There are two main ways
to compute F: (i) Continuously using the first derivative of an appropriate interpolant; this
allows for the evaluation of F (reasonably) anywhere in the space. The interpolant computes
the coefficients by taking the source’s and target’s landmarks; a convenient interpolant
could be the Thin Plate Spline (Bookstein, 1989), as shown by [22]. (ii) Using a direct
calculation on tetrahedra coordinates (in 3D when available) or triangle’s coordinates (in
both 2D and 3D when available) or a first order neighborhood with regard to the evaluation
point; using triangles in 3D or a plane-structured neighborhood leads to a singular 3 × 3 F
matrix as it refers to a plane (see below).

The right Cauchy-Green symmetric deformation tensor C = FTF is symmetric and
positive definite and can be used for computing U =

√
C and for visualizing tensor behavior

on the source configuration as they do not encode local rotation. We define v1, v2 and v3,
and λ1, λ2 and λ3 as the eigenvectors and eigenvalues, respectively, of U. One can use v
and λ in order to depict deformation’ directions of a unitary circumference (in 2D or 3D
either) or a sphere (in 3D), conveniently rescaled (for sake of visualization) if necessary, and
the principal axes of the resulting ellipses (or ellipsoids in 3D). Planar ellipses can be also
visualized in 3D in order to depict deformations of meshe’s triangles in the 3D space (see
below). The principal axes identify the (reciprocally) orthogonal principal strain direction
(SD) given by v while λ gives their magnitudes. As stated above, C does not encode
rotation; thus U, v and λ must be used in order to map SD, and to depict deformation
ellipses (in both 2D and 3D) or ellipsoids (in 3D), on the source shape; in order to depict
this information on the target shape using SD encoded in v, they must be pre-multiplied
by F in order to depict SD on the target configuration such as vy = Fv. This intrinsically
encodes SD magnitudes. This procedure rotates v within the target according to R encoded
in F. SD possesses an important deformational and mechanical meaning due to the results
of specific forces such as in the left ventricle contraction [16,21,23,24]. λi = 1 indicates no
deformation, λi > 1 indicates a deformation that produces an expansion (=tensile SD) along
the direction of the corresponding SD, while λi < 1 indicates a deformation that produces a
compression (=compressive SD). The closer the λi to 1, the smaller the deformation. This
means that in case of λi > 1 or λi < 1, the direction of maximal deformation λ̂ is dictated
by the vi corresponding to the λi most distant from 1 such that λ̂ = argmax(|1 − λ|). The
corresponding direction of maximal deformation (either tensile or compressive) v̂, on the
source, or v̂y on the target, is called primary strain direction (PSD).

Piras et al. [22] highlighted the differences between the full tensor F in 3D and its
projection F on a plane. This plane is often represented by three points defining a single
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triangle in 3D in meshes equipped with triangulation connectivity matrix but it can be
defined in arbitrary ways such as a first order neighborhood [16]. While F notifies the
actual deformation occurring in the whole ambient space (infinitesimally), F is referred just
to its projection on the plane. F is still a 3 × 3 matrix but it is singular and must be reduced
to a dimension 2 × 2 by a change of basis thus obtaining Fp in order to extract numerical
diagnostics. To F and Fp corresponds C, Cp, U and Up as well as λp, vp, λ̂p, v̂p and v̂yp.

At this point it is useful to recall the relationship between U, Up, λ, v, λp and vp with the
traditional strains computed in the usual 3D-STE. Classical radial (εT), longitudinal (εL) and
circumferential (εC) strains can be thought as elongations/shortenings along anatomically
homologous directions that parallelize the notion of homologous landmarks in modern
shape analysis. However, while in the case of landmarks, the concept of homology is
more easily spatially perceptible, in the case of a direction one is forced to look at it in
the context of the whole physical body where this direction is defined. When speaking
about the above-mentioned strains, these directions are dictated by platonic pathways
(Figure 3 bottom left and right) oriented (i) towards the central axis of the left ventricle
orthogonally to local tangent plane A (radial), (ii) along the left ventricle local circumference
(circumferential) and (iii) orthogonally to the circumferential direction (longitudinal) on the
ventricle’ tangent surface. The radial strain is usually computed considering the myocardial
thickness change along the above-mentioned radial direction.

Both circumferential and longitudinal strain directions are contained in the A-plane,
while the radial one is orthogonal to it and does not appear in the strains computed on it.
Actually, in a real deformation, the sole object that describes entirely what happens locally
is the full tensor U and its three SD v1, v2 and v3 (Figure 3 top left); if we decide to project
it on the A-plane in order to see what happens on the local tangent surface, we use Up and
its two SD vp1 and vp2 that explains just the shadow of U on the A-plane. Moreover, if we
add to the plane εL, εC and εT (orthogonal to the A-plane) we see that they form angles
with both vp1 and vp2 and v1, v2 and v3 collections. This means that evaluating local left
ventricular deformation could be a very multifaceted operation and one should be aware
of what specifically they are looking for when comparing cohorts of different categories.
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In this paper, we face the behavior of the plane strain tensor Up at the end-systole (the
deformed state) with respect to the diastole (the undeformed state). Up refers to stress and
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strains that are tangential to the epicardial or endocardial local surfaces and thus do not
encode the radial dimension. Moreover, its SD are not projected along 3D-STE strains thus
they are free to rotate on the A-plane. We want to evaluate the angle αp formed by PSD and
the circumferential platonic direction (Figure 3 top right) in order to test the hypothesis
that αp is (almost) invariably closer to 0 in the Endocardium than in the Epicardium.

Under our setting, the left ventricle structure is not treated as a cylinder and the
curvature for the tangent plane computation is always local [10]. Up was computed directly
from the reciprocal position of landmarks in the diastole and systole, taking the first
order neighborhood of each location, as shown in Figure 4 left panel. The procedure
was previously applied and described in [16,17]. The eigen analysis of Up, yields λp and
vp. It is worth noting that in this experimental case, we always found the PSD λ̂p = λ̂2p,
corresponding to the deformation’ ellipse smaller axis. This means that the shortening
occurring approximately along the circumferential direction is stronger than that occurring
approximately along the longitudinal one.
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Figure 4. (a) First order neighborhood (in blue) relative to the evaluation point (in red) in a landmark-
grid detail (either Endo- or Epi-) showed in the undeformed (diastole) and deformed state (systole).
(b) Plane strain tensor Up is calculated on the red point using the displacement vectors of the blue
ones. The PSD v̂p is then identified upon the eigen decomposition of Up. Then, the angle αp is
computed with regard to the circumferential direction (dotted line). Modified from [19].

2.3. Statistical Analysis and Visualization
2.3.1. Epi-Endo Comparison

A procedure aimed at comparing the different mechanical behaviors of Epi- and
Endocardium for each category must take into account two fundamental aspects: (1) as the
angles are computed at each landmark, it should be considered that a simple ANOVA of
distributions of angles is not adequate to correctly compare the Epi- and Endo-values. In
fact, as each landmark in Epi- has its corresponding counterpart on Endo-, a paired test
is more appropriate; (2) moreover, as our angles spans from −90◦ to 90◦, for the purpose
of testing Epi-Endo differences (in terms of deviation from horizontal tangent direction)
it should be better to use their absolute values as the original ones are highly bimodally
distributed. For these reasons we choose to adopt a nonparametric paired test, the Wilcoxon
signed-rank test. For each of the 12 categories under study, each bearing n individuals,
and for each of the 1296 landmarks of Epi- and Endo-, we performed the above-mentioned
test on a vector with 2n values corresponding to landmark-specific individual absolute
PSD angle values of the Epi- and Endo- for all individuals belonging to the i-th category
and using a vector of Epi–Endo affiliation (thus 2n long) as the factor variable. We also
computed the effect size following [25] that spans from 0 to 1.

2.3.2. Control vs. Diseased Patients Comparison

In order to test the pervasiveness of the mechanical constraint underlying our working
hypothesis depicted in Figure 1, we performed, landmark-wise, the comparison between
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PSD angle endo-epi absolute differences between healthy Controls and those of the other
categories (calculated as Endo-Epi differences matching each landmark location). In this
case, the Wilcoxon test should not be paired as different samples (i.e., Controls vs. Diseased)
are compared for the same landmark location.

2.3.3. PSD Angle Differences vs. Static Curvature Ratio

Actually, speaking about a larger or smaller radius means speaking about a larger or
smaller curvature is what exactly represents the geometrical vinculum that would explain
the orientation of PSD in Epi- or Endo- during systolic contraction. This vinculum is
predicted to be present irrespective of the healthy or diseased condition in a beating heart.

Following the rationale illustrated by Figure 1, we correlated the curvature ratio
between the two layers with differences between absolute Endo and absolute Epi αp values
at each landmark’s location (per category and per landmarks median values). It is worth
noticing here that the curvature is not calculated taking into consideration the deformation
as this will lead to a circular logic being PSD computed upon systo–diastolic deformation.
Instead, the curvature is calculated statically (in diastole or systole). Of the 36 circles each
with 36 landmarks, we left out the last three circles, i.e., the final cap, as the curvature
and PSD are more difficult to compute tangentially and bring a larger error. This does not
weaken the validity of evidence. The curvature was estimated at each landmark location
by considering the triangulation structure (connectivity) identifying Endo- or Epi- surfaces.
It was calculated as Root Mean Square curvature (RMS), i.e., the square root of the sum of
the two principal curvatures (k1 and k2) measured at each landmark location. Looking at
Figure 1, one could argue that the 1/r with r the radius of Epi- or Endo- at each landmark
location could be used but this could be applied to a cylindrical shape. Instead, as shown in
Figure 2, the shape of a ventricle is not platonically cylindrical but irregular with concavities
and convexities thus with a local curvature continuously varying along its surface. The
use of local curvature (thus considering the connectivity between landmarks) provides a
more realistic measure of the layer’s local curvature features. Under the hypothesis that
a larger local curvature implies larger Endo–Epi differences in αp, we expect a negative
relationship among differences between absolute-Endo and absolute-Epi αp values vs.
Endo/Epi curvature ratio.

2.3.4. Results Visualization

In order to depict results meaningfully, thus considering the spatial regionalization, the
statistical significance, and the extent and direction of differences in αp, we used the bull’s
eye 16-segment representation proposed by the AHA. While it could be considered too
platonic with respect to the real 3D geometries, this representation offers a better immediate
look at both the positions of landmarks in the LV wall and at their values, represented in
color code. These plots refer to per-category median values computed at each landmark
of the LV. Concerning the PSDs, besides the figures depicting the αp at Epi- and Endo- for
each category, we added figures showing the significance of the differences in αp between
Endo- and Epi- surfaces and between CNT and the other groups. In these latter figures,
a color scale was used only for those landmarks where the associated statistical test was
significant (significance level = 0.05); landmarks were colored in cyan when the test was
not significant.

3. Results

Reproducibility analysis revealed a high rate of confidence between successive replicas
(here the vector of ρ’ CCC metric: 0.992, 0.986, 0.995, 0.994, 0.997, 0.987, 0.996, 0.99, 0.995,
0.992, 0.99, 0.996, 0.995, 0.984). Supplementary Figure S1 shows the 14 Bland–Altman plots.

3.1. Epi-Endo Comparison

The results of Epi-Endo comparison are illustrated in Figure 5. The bull’s eye plots refer
to the per-category and per-landmark median of absolute αp values. The scientific rhetoric
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carried by this figure is actually at the limit of self-evidence: plane stress PSD in Endo-
present an αp constantly smaller and closer to 0 with regard to Epicardium. This signal
is constant among all categories analyzed in this study irrespective of disease condition.
There is a little variation among pathologies with regard to the control but always under the
notion of Endo αp < Epi αp. We then start from this observation to proceed with Epi–Endo
statical comparison as well as for CNT versus the other categories. Figures 6 and 7 show the
per-landmark and per-category median values of λ1p and λ2p, respectively. As anticipated
above, we always found both eigenvalues < 0 with few exceptions for λ1p in some disease
conditions. Moreover, as evident from the color code mapped in the bull’s eye plots, we
found invariantly |1 − λ2p| > |1 − λ1p|. It is also interesting to note that, albeit the
magnitude of strains is not the focus of the present paper, the control differs evidently from
the other disease conditions (the control being more deformed), as previously highlighted
in several studies regarding 3D-STE strains; the same cannot be said for αp on Figure 5.
Figure 8 shows the Endo-Epi αp differences (∆k) subjected to the paired non-parametric
test statistics (see Section 2). The key plot is that referred to the control group (CNT), it is
not only the most represented cohort in terms of sample size (n = 82), but also because it
represents the normal healthy condition. The other categories present very uneven sample
sizes, and this inevitably affects the test’s power; for example, AR and MI-INF present
only 4 individuals and the p-value should be considered with caution. Regions are colored
according to the color bar on top left; ∆k < −40 are colored in black; ∆k > 0 and with
a significant test (very limited) are colored in violet; ∆k with a non-significant test are
colored in cyan if <0, in white if >0. The first evidence we can observe is the fact that the
violet color is nearly totally absent in all plots. This means that Endo-αp are ubiquitously
more circumferential than Epi-αp independently from the disease condition. The second
evidence is that CNT is nearly entirely occupied by negative values; this means that in
the healthy control group Endo-αp are significantly more circumferential than Epi αp. In
other categories, this is better observed in those categories represented by relatively larger
sample sizes (HCM, HTLVH−). The presence of cyan color (i.e., non-significant test) is
associated with those categories with very small sample sizes.
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healthy subjects (CNT), Cirrhosis (CRR), Aortic regurgitation (AR), Myocardial infarction of infe-
rior wall (MI-INF), Myocardial infarction of anterior wall (MI-ANT), Mutation carriers for hyper-
trophic cardiomyopathy with LV hypertrophy (HCM), Secondary ventricular hypertrophy (SVH),
Mutation carriers for hypertrophic cardiomyopathy without LV hypertrophy (G+LVH−), Atrial
fibrillation without ventricular hypertrophy (AFLVH−), Atrial fibrillation with ventricular hyper-
trophy (AFLVH+), Hypertension without LV hypertrophy (HTLVH−), and Hypertension with LV
hypertrophy (HTLVH+).
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Figure 6. Per-category and per-landmark median values of λ1p for both Epi- and Endocardium.
Regions are colored according to the color bar at top left. Abbreviations: Control healthy subjects
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Myocardial infarction of anterior wall (MI-ANT), Mutation carriers for hypertrophic cardiomyopathy
with LV hypertrophy (HCM), Secondary ventricular hypertrophy (SVH), Mutation carriers for hyper-
trophic cardiomyopathy without LV hypertrophy (G+LVH−), Atrial fibrillation without ventricular
hypertrophy (AFLVH−), Atrial fibrillation with ventricular hypertrophy (AFLVH+), Hypertension
without LV hypertrophy (HTLVH−), and Hypertension with LV hypertrophy (HTLVH+).
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Figure 7. Per-category and per-landmark median values of λ2p for both Epi- and Endocardium.
Regions are colored according to the color bar at top left. Abbreviations: Control healthy subjects
(CNT), Cirrhosis (CRR), Aortic regurgitation (AR), Myocardial infarction of inferior wall (MI-INF),
Myocardial infarction of anterior wall (MI-ANT), Mutation carriers for hypertrophic cardiomyopathy
with LV hypertrophy (HCM), Secondary ventricular hypertrophy (SVH), Mutation carriers for hyper-
trophic cardiomyopathy without LV hypertrophy (G+LVH−), Atrial fibrillation without ventricular
hypertrophy (AFLVH−), Atrial fibrillation with ventricular hypertrophy (AFLVH+), Hypertension
without LV hypertrophy (HTLVH−), and Hypertension with LV hypertrophy (HTLVH+).
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Figure 8. Per-category and per-landmark median values ∆k measuring Endo-Epi αp absolute differ-
ences. For each category all landmark locations were subjected to the Wilcoxon paired nonparametric
test (i.e., endo- vs. epi-). Regions are colored according to the color bar at top left; ∆k < −40 are
colored in black: ∆k > 0 and with a significant test (very limited) are colored in violet; ∆k with a
non-significant test are colored in cyan if <0, in white if >0. Abbreviations: Control healthy subjects
(CNT), Cirrhosis (CRR), Aortic regurgitation (AR), Myocardial infarction of inferior wall (MI-INF),
Myocardial infarction of anterior wall (MI-ANT), Mutation carriers for hypertrophic cardiomyopathy
with LV hypertrophy (HCM), Secondary ventricular hypertrophy (SVH), Mutation carriers for hyper-
trophic cardiomyopathy without LV hypertrophy (G+LVH−), Atrial fibrillation without ventricular
hypertrophy (AFLVH−), Atrial fibrillation with ventricular hypertrophy (AFLVH+), Hypertension
without LV hypertrophy (HTLVH−), and Hypertension with LV hypertrophy (HTLVH+).
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3.2. Control vs. Diseased Comparison

The comparison between ∆k in Control group and ∆k of other categories is shown
in Figure 9. As the cyan color indicates non-significance, we can see that there are no big
diffreneces between healthy Control group and pathological categories.
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Figure 9. Differences ∆kCNT − ∆kother between αp values of control group and other categories.
Landmarks with no significant differences are colored in cyan. Abbreviations: Cirrhosis (CRR), Aortic
regurgitation (AR), Myocardial infarction of inferior wall (MI-INF), Myocardial infarction of anterior
wall (MI-ANT), Mutation carriers for hypertrophic cardiomyopathy with LV hypertrophy (HCM),
Secondary ventricular hypertrophy (SVH), Mutation carriers for hypertrophic cardiomyopathy
without LV hypertrophy (G+LVH−), Atrial fibrillation without ventricular hypertrophy (AFLVH−),
Atrial fibrillation with ventricular hypertrophy (AFLVH+), Hypertension without LV hypertrophy
(HTLVH−), and Hypertension with LV hypertrophy (HTLVH+).

3.3. αp Differences vs. Static Curvature’ Ratio

Figures 10 and 11 show the relationship among differences between absolute Endo
and absolute Epi αp values regressed against the ratio of endo/epi RMS curvatures (per-
category and per-landmark median values). Regression lines are also shown. Details about
per-group regressions are shown in Table 3. The vertical lines at x = 1 and the horizontal
one at y = 0 indicate the upper and lower limits (respectively) within which we expect
to see the ranges of these variables. CNT behave consistently with this expectation (i.e.,
endo/epi RMS curvature ratio always >1 and αp absolute differences always <1). The
other categories do the same with a few exceptions that we ascribe to small sample sizes
that cause less robust per-landmark median values. Points are colored according to their
affiliation to “parallels” in the context of LV topology shown in Figure 2: cyan at the
base, yellow–green in the middle, red in the apex. The most important evidence is that
both systole and diastole return similar results with negative β coefficients. Moreover, all
categories behave consistently in the same manner: the larger the curvature ratio the larger
absolute αp differences.
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Figure 10. Relationship between Endo/Epi RMS static curvature ratio in systole (in abscissa) and
Endo-Epi αp differences (per category and per-landmark median values). Blue lines represent
regression lines with confidence intervals. Points are colored according to their affiliation to “parallels”
in the context of LV topology shown in Figure 2: cyan at the base, yellow-green in the middle, red in
the apex. The vertical lines at x = 1 and the horizontal one at y = 0 indicate the upper and lower limits
(respectively) within which we expect to see the ranges of these variables. CNT behave consistently
with this expectation (i.e., Endo/Epi RMS curvature ratio always >1 and αp differences always <1).
The other categories do the same with a few exceptions.
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lines with confidence intervals. Points are colored according to their affiliation to “parallels” in the
context of LV topology shown in Figure 2: cyan at the base, yellow-green in the middle, red in the
apex. The vertical lines at x = 1 and the horizontal one y = 0 indicate the upper and lower limits
(respectively) within which we expect to see the ranges of these variables. CNT behave consistently
with this expectation (i.e., Endo/Epi RMS curvature ratio always >1 and αp differences always <1).
The other categories do the same with a few exceptions.

Table 3. Details of per-group regressions between Endo/Epi RMS curvature ratio vs. αp differences
(per category and per-landmark median values). Results for systole and diastole are shown.

Group Intercept p-Value_Intercept Beta p-Value_Beta R_Squared

Systole

CNT −0.607 0.817 −9.427 7.57 × 10−8 0.024
CRR −2.112 0.391 −6.164 3.24 × 10−4 0.011
AR −0.691 0.822 −8.018 1.25 × 10−4 0.012

MI-INF 5.708 0.053 −8.185 9.51 × 10−5 0.013
SVH −3.593 0.342 −1.579 0.576 0

MI-ANT 5.647 0.02 −10.307 1.08 × 10−11 0.038
G+LVH− 1.467 0.691 −13.208 2.81 × 10−7 0.022

HCM −2.248 0.394 −4.833 0.003 0.007
AFLVH− 24.488 1.76 × 10−13 −24.431 3.37 × 10−22 0.076
HTLVH− 29.934 9.26 × 10−20 −27.755 5.87 × 10−29 0.1
HTLVH+ 11.208 4.00 × 10−4 −15.447 1.65 × 10−11 0.038
AFLVH+ 11.592 2.64 × 10−5 −14.542 4.19 × 10−14 0.047

Diastole

CNT 23.409 1.15 × 10−6 −29.695 3.7 × 10−15 0.051
CRR 5.217 0.333 −12.75 0.003 0.007
AR 32.119 6.05 × 10−6 −34.933 4.1 × 10−10 0.032

MI-INF 43.368 1.88 × 10−14 −40.097 4.7 × 10−8 0.061
SVH 8.12 0.172 −11.331 0.02 0.005

MI-ANT 12.818 0.025 −17.726 4.4 × 10−5 0.014
G+LVH− 14.257 0.03 −25.162 1.4 × 10−6 0.019

HCM 14.313 2.18 × 10−4 −17.576 3.6 × 10−10 0.033
AFLVH− 39.764 2.81 × 10−10 −39.072 5.3 × 10−14 0.047
HTLVH− 49.612 7.53 × 10−16 −46.261 5.1 × 10−20 0.068
HTLVH+ 35.213 5.54 × 10−12 −36.41 9.9 × 10−19 0.064
AFLVH+ 29.519 7.87 × 10−8 −30.599 2.3 × 10−12 0.041

4. Discussion

We carried out a comparative study of PSD in human LVs. The statistical analysis
performed allowed us to study the orientation variability of the PSD in different regions of
the myocardial walls, distinguishing Epi- and Endo-layers, and how they differ in a quite
large group of both healthy and diseased patients. Knowledge of myocardial architecture
is essential to understand normal and abnormal cardiac function. Some viewpoints based
on medical image processing have promoted the possible use of PSD to identify the
fibrous architecture of the myocardium [15]. These proposals contrast with experimental
evidence showing that the PSD may not coincide with the direction of the cardiac fibers
on the Endocardium ([16,17,21], this study). Furthermore, it has been suggested that other
structural mechanisms would play an important role in the determination of myocardial
deformations. Detailed anatomical inspections have led to the hypothesis that obliquely
bonded myocytes may be major contributors to structural reorganization when the cardiac
tissue contracts [13,14]. This irregular structure, with respect to the main fiber orientation,
would affect the strain patterns. Some previous studies already suggested the idea that
the principal directions of deformation may not be related to the fiber direction, namely
at the endocardium [26–28]. Myofiber arrangement within the myocardial mass is poorly
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known. In order to better understand the mechanism of contraction, it is important to
have a detailed picture of this arrangement throughout the myocardial wall. It has been
shown that, at the endocardium, the strain in the cross-fiber direction is larger than in the
fiber direction. Moreover, it has been suggested that this may be related to the transmural
interaction of myocardial layers with different fiber orientation [21]. In the same manner,
Anderson et al. [13] and Smerup et al. [14] have hypothesized that myocytes obliquely
branched from the main fiber lines form transverse structural elements that contribute to
the three-dimensional reorganization and regional stabilization of the ventricular form;
it was proposed that, when these lateral aggregates contract, they apply a load on the
surrounding myocytes which is misaligned with respect to the main fiber axis, therefore
affecting the local strain pattern and fiber shortening. Our results show that the PSD in
the endocardium are oriented circumferentially irrespective of clinical condition, while in
the epicardium they are directed in an oblique manner, close to the anatomy of the fiber.
This is in good agreement with previous studies [11,14,15,20,28] and does not support
previous statements and conclusions [15]. The statistical comparison of the endocardial and
epicardial strain surfaces orientations showed that, in general, the orientation of the PSD is
always larger at the epicardium. The statistical comparison between healthy and diseased
patients did not show relevant differences. This means that the geometrical-physical
vinculum occurring in a beating heart consisting in the larger curvature of endocardium
relative to the epicardium cannot be violated even in presence of disease. This vinculum
should thus be taken into consideration when interpreting and/or using information from
3D-echocardiography to be then applied to clinical interpretations. This can be explained
by the larger curvature of the epicardial layer with regard to that of the endocardial one,
see Figure 5. While during contraction the two layers would rotate in opposite directions
according to their respective fiber orientation, the observed strain pattern comes by virtue
of an unavoidable geometric restriction: the radius of the endocardium is always shorter
than that of the epicardium. Thus, during contraction, despite the tendency to rotate
according to fiber orientation of both layers, the endocardium is somehow dominated by
the epicardium. Thus, the PSLs in this latter are roughly oriented along the fiber direction
whereas the PSLs in the endocardium show a small deviation from the horizontal plane.
This pattern appears in both simulated and real data [19]. It follows that PSD orientation
should not be used as clinical indicators given their invariance in control and pathological
subjects. On the contrary, looking at Figures 6 and 7, one could look at strains even if in this
case these strains are not coincident with those commonly used in 3D-STE investigations
as they do not follow the classical homologous directions, i.e., longitudinal, radial and
circumferential ones. The analysis of strains, however, was not the scope of the present
study and it is for further research to explore their ability in distinguishing healthy from
pathological conditions.

5. Limitation of the Study

Current echocardiographic technology is limited by low spatial and temporal reso-
lution. Consequently, the information extracted from it is expected to be affected as well.
Motion and shape can reveal useful information in terms of cardiac efficiency. The 3D-STE
procedure is just one of the new technologies allowing the measurement of the complex
multidimensional deformation of the heart [29,30]. Despite its good spatial and temporal
resolution, it has been evidenced that this technique suffers from reduced accuracy in areas
of low image quality [31]. Furthermore, despite the reproducibility analysis in [20], we
are aware that some of the settings during the acquisition procedure are very subjective,
depending on the abilities of the machine operator to highlight the regions of interest.
However, although the principal strain analysis is not adequate to identify cardiac fiber
architecture, it is a reliable and useful method to visualize strain and strain orientation
patterns. This information, coupled with other methodologies, may be helpful to patient-
specific medical diagnosis [32,33]. Other pathologies could be included in the present
study including pathology of the right ventricle, such as tetralogy of Fallot. Unfortunately,
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our research group does not benefit anymore from the special agreement with Toshiba
that allowed the use of the Aplio-Artida echocardiographer for about five years. Future
opportunities will allow us to expand the pathology panel presented here to the right heart
in order to extend to it the approaches used here.
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Author Contributions: Conceptualization, P.P., I.C.-C., P.E.P., S.G. and V.V.; methodology, P.P., V.V.,
L.T. and P.N.; software P.P. and I.C-C.; validation, G.E. and C.T.; formal analysis, P.P.; investigation,
P.P. and P.E.P.; resources, P.E.P.; data curation, P.P., G.E. and C.T.; writing original draft preparation:
P.P., I.C.-C. and P.E.P.; writing—review and editing, P.P. and P.E.P.; visualization, P.P.; supervision,
P.E.P.; project administration, P.E.P. and C.T.; funding acquisition, P.E.P. All authors have read and
agreed to the published version of the manuscript.

Funding: G.E. is supported by a research grant from the CardioPaTh PhD Program. The work has
been supported by Sapienza Universita di Roma under the grant RM120172A77FB346.

Institutional Review Board Statement: Informed consent was obtained from each subject. This
study conformed to the standards set by the latest revision of the Declaration of Helsinki and the
procedure was approved by the Ethical Committee of Policlinico Umberto I, the central Hospital of the
Dipartimento di Scienze Cardiovascolari, Respiratorie, Nefrologiche, Anestesiologiche e Geriatriche,
Sapienza Università di Roma (reference no.: 2655; protocol no. 39/13). This study was not registered
in a database.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data can be obtained from the authors upon request.

Acknowledgments: The authors wish to express their gratitude to Willem Gorissen, Clinical Market
Manager Cardiac Ultrasound at Toshiba Medical Systems Europe, Zoetermeer, The Netherland, for
continuous support and help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Arts, T.; Bovendeerd, P.; Delhaas, T.; Prinzen, F. Modeling the relation between cardiac pump function and myofiber mechanics. J.

Biomech. 2003, 36, 731–736. [CrossRef]
2. Bovendeerd, P.H.M.; Arts, T.; Huyghe, J.M.; Van Campen, D.H.; Reneman, R.S. Dependence of local left ventricular wall mechanics

on myocardial fiber orientation: A model study. J. Biomech. 1992, 25, 1129–1140. [CrossRef]
3. Costa, K.D.; Holmes, J.W.; McCulloch, A.D. Modelling cardiac mechanical properties in three dimensions. Phil. Trans. Roy. Soc.

Lond. A Math. Phys. Eng. Sci. 2001, 359, 1233–1250. [CrossRef]
4. Freeman, G.L.; LeWinter, M.M.; Engler, R.L.; Covell, J.W. Relationship between myocardial fiber direction and segment shortening

in the midwall of the canine left ventricle. Circ. Res. 1985, 56, 31–39. [CrossRef]
5. Vetter, F.J.; McCulloch, A.D. Three-dimensional stress and strain in passive rabbit left ventricle: A model study. Ann. Biomed. Eng.

2000, 28, 781–792. [CrossRef]
6. Hooks, D.A.; Tomlinson, K.A.; Marsden, S.G.; LeGrice, I.J.; Smaill, B.H.; Pullan, A.J.; Hunter, P.J. Cardiac microstructure:

Implications for electrical propagation and defibrillation in the heart. Circ. Res. 2002, 91, 331–338. [CrossRef]
7. Arts, T.; Prinzen, F.W.; Snoeckx, L.H.; Rijcken, J.M.; Reneman, R.S. Adaptation of cardiac structure by mechanical feedback in the

environment of the cell: A model study. Biophys. J. 1994, 66, 953–961. [CrossRef]
8. Van Der Bel-Kahn, J. Muscle fiber disarray in common heart diseases. Am. J. Cardiol. 1977, 40, 355–364. [CrossRef]
9. Engelmayr, G.C., Jr.; Cheng, M.; Bettinger, C.J.; Borenstein, J.T.; Langer, R.; Freed, L.E. Accordion-like honeycombs for tissue

engineering of cardiac anisotropy. Nat. Mater. 2008, 7, 1003–1010. [CrossRef]
10. Agger, P.; Stephenson, R.S. Assessing Myocardial Architecture: The Challenges and Controversies. J. Cardiovasc. Dev. Dis. 2020,

7, 47. [CrossRef]
11. Torrent-Guasp, F. Anatomia Funcional del Corazon; Paz Montalvo: Madrid, Spain, 1957; pp. 62–68.
12. Gilbert, S.H.; Benson, A.P.; Li, P.; Holden, A.V. Regional localisation of left ventricular sheet structure: Integration with current

models of cardiac fibre, sheet and band structure. Eur. J. Cardio-Thorac. Surg. 2007, 32, 231–249. [CrossRef] [PubMed]
13. Anderson, R.H.; Ho, S.Y.; Sanchez-Quintana, D.; Redmann, K.; Lunkenheimer, P.P. Heuristic problems in defining the three-

dimensional arrangement of the ventricular myocytes. Anat. Rec. Part A Discov. Mol. Cell. Evol. Biol. 2006, 288, 579–586.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jcdd9110393/s1
https://www.mdpi.com/article/10.3390/jcdd9110393/s1
http://doi.org/10.1016/S0021-9290(02)00451-7
http://doi.org/10.1016/0021-9290(92)90069-D
http://doi.org/10.1098/rsta.2001.0828
http://doi.org/10.1161/01.RES.56.1.31
http://doi.org/10.1114/1.1289469
http://doi.org/10.1161/01.RES.0000031957.70034.89
http://doi.org/10.1016/S0006-3495(94)80876-8
http://doi.org/10.1016/0002-9149(77)90157-6
http://doi.org/10.1038/nmat2316
http://doi.org/10.3390/jcdd7040047
http://doi.org/10.1016/j.ejcts.2007.03.032
http://www.ncbi.nlm.nih.gov/pubmed/17462906
http://doi.org/10.1002/ar.a.20330
http://www.ncbi.nlm.nih.gov/pubmed/16673424


J. Cardiovasc. Dev. Dis. 2022, 9, 393 18 of 18

14. Smerup, M.; Nielsen, E.; Agger, P.; Frandsen, J.; Vestergaard-Poulsen, P.; Andersen, J.; Nyengaard, J.; Pedersen, M.; Ringgaard, S.;
Hjortdal, V.; et al. The three-dimensional arrangement of the myocytes aggregated together within the mammalian ventricular
myocardium. Anat. Rec. Adv. Int. Anat. Evol. Biol. 2009, 292, 1–11. [CrossRef] [PubMed]

15. Pedrizzetti, G.; Kraigher-Krainer, E.; De Luca, A.; Caracciolo, G.; Mangual, J.O.; Shah, A.; Toncelli, L.; Domenichini, F.; Tonti, G.;
Galanti, G.; et al. Functional strain-line pattern in the human left ventricle. Phys. Rev. Lett. 2012, 109, 048103. [CrossRef]

16. Gabriele, S.; Nardinocchi, P.; Varano, V. Evaluation of the strain-line patterns in a human left ventricle: A simulation study. Comp.
Methods Biomech. Biomed. Eng. 2015, 18, 790–798. [CrossRef]

17. Gabriele, S.; Teresi, L.; Varano, V.; Evangelista, A.; Nardinocchi, P.; Puddu, P.E.; Torromeo, C. A comparative analysis of the
strain-line pattern in the human left ventricle: Experiments vs modelling. Comp. Methods Biomech. Biomed. Eng. Imaging Vis. 2014,
4, 164–173.

18. Lee, S.; Choi, S.; Kim, S.; Jeong, Y.; Lee, K.; Hur, S.H.; Lee, S.R.; Lee, E.J.; Sin, M.J.; Kim, N.; et al. Validation of three-dimensional
echocardiographic principal strain analysis for assessing left ventricular contractility: An animal study. Med. Phys. 2019, 46,
2137–2144. [CrossRef]

19. Colorado-Cervantes, J.I.; Nardinocchi, P.; Piras, P.; Sansalone, V.; Teresi, L.; Torromeo, C.; Puddu, P.E. Patient-specific modeling of
left ventricle mechanics. Acta Mech. Sin. 2022, 38, 621211. [CrossRef]

20. Piras, P.; Torromeo, C.; Evangelista, A.; Esposito, G.; Nardinocchi, P.; Teresi, L.; Madeo, A.; Re, F.; Chialastri, C.; Schiariti, M.;
et al. Non-invasive prediction of genotype positive–phenotype negative in hypertrophic cardiomyopathy by 3D modern shape
analysis. Exp. Phys. 2019, 104, 1688–1700. [CrossRef]

21. Evangelista, A.; Gabriele, S.; Nardinocchi, P.; Piras, P.; Puddu, P.E.; Teresi, L.; Torromeo, C.; Varano, V. Non-invasive assessment
of functional strain lines in the real human left ventricle via speckle tracking echocardiography. J. Biomech. 2015, 48, 465–471.
[CrossRef]

22. Piras, P.; Profico, A.; Pandolfi, L.; Raia, P.; Di Vincenzo, F.; Mondanaro, A.; Castiglione, S.; Varano, V. Current options for
visualization of local deformation in modern shape analysis applied to paleobiological case studies. Front. Earth Sci. 2020, 8, 66.
[CrossRef]

23. Varano, V.; Piras, P.; Gabriele, S.; Teresi, L.; Nardinocchi, L.; Dryden, I.L.; Torromeo, C.; Puddu, P.E. The decomposition of
deformation: New metrics to enhance shape analysis in medical imaging. Med. Image Anal. 2018, 46, 35–56. [CrossRef] [PubMed]

24. Piras, P.; Torromeo, C.; Evangelista, A.; Gabriele, S.; Esposito, G.; Nardinocchi, P.; Teresi, L.; Madeo, A.; Schiariti, M.; Varano, V.;
et al. Homeostatic Left Heart integration and disintegration links atrio-ventricular covariation’s dyshomeostasis in Hypertrophic
Cardiomyopathy. Sci. Rep. 2017, 24, 6257. [CrossRef] [PubMed]

25. Mangiafico, S. Summary and Analysis of Extension Program Evaluation in R; Rutgers Cooperative Extension: New Brunswick, NJ,
USA, 2016.

26. Azhari, H.; Weiss, J.L.; Rogers, W.J.; Siu, C.O.; Zerhouni, E.A.; Shapiro, E.P. Noninvasive quantification of principal strains in
normal canine hearts using tagged mri images in 3-D. Am. J. Phys. 1993, 264, 205–216. [CrossRef]

27. MacGowan, G.A.; Shapiro, E.P.; Azhari, H.; Siu, C.O.; Hees, P.S.; Hutchins, G.M.; Weiss, J.L.; Rademakers, F.E. Noninvasive
measurement of shortening in the fiber and cross-fiber directions in the normal human left ventricle and in idiopathic dilated
cardiomyopathy. Circulation 1997, 96, 535–541. [CrossRef]

28. Waldman, L.K.; Nosan, D.; Villarreal, F.; Covell, J.W. Relation between transmural deformation and local myofiber direction in
canine left ventricle. Circ. Res. 1988, 63, 550–562. [CrossRef]

29. Esposito, G.; Piras, P.; Evangelista, A.; Nuzzi, V.; Nardinocchi, P.; Pannarale, G.; Torromeo, C.; Puddu, P.E. Improving performance
values of 3D speckle tracking in arterial hypertension and paroxysmal atrial fibrillation by using novel strain parameters. Sci.
Rep. 2019, 9, 7382. [CrossRef]

30. Piras, P.; Teresi, L.; Puddu, P.E.; Torromeo, C.; Young, A.A.; Suinesiaputra, A.; Medrano-Gracia, P. Morphologically normalized left
ventricular motion indicators from MRI feature tracking characterize myocardial infarction. Sci. Rep. 2017, 25, 12259. [CrossRef]

31. Muraru, D.; Niero, A.; Rodriguez-Zanella, H.; Cherata, D.; Badano, L. Three-dimensional speckle-tracking echocardiography:
Benefits and limitations of integrating myocardial mechanics with three-dimensional imaging. Cardiovasc. Diagn. Ther. 2018, 8,
101–117. [CrossRef]

32. Henglin, M.; Stein, G.; Hushcha, P.V.; Snoek, J.; Wiltschko, A.B.; Cheng, S. Machine learning approaches in cardiovascular imaging.
Circ. Cardiovasc. Imaging 2017, 10, e005614. [CrossRef]

33. Nayak, R.; Schifitto, G.; Doyley, M.M. Visualizing angle-independent principal strains in the longitudinal view of the carotid
artery: Phantom and in vivo evaluation. Ultrasound Med. Biol. 2018, 44, 1379–1391. [CrossRef] [PubMed]

http://doi.org/10.1002/ar.20798
http://www.ncbi.nlm.nih.gov/pubmed/19051244
http://doi.org/10.1103/PhysRevLett.109.048103
http://doi.org/10.1080/10255842.2013.847094
http://doi.org/10.1002/mp.13509
http://doi.org/10.1007/s10409-021-09041-0
http://doi.org/10.1113/EP087551
http://doi.org/10.1016/j.jbiomech.2014.12.028
http://doi.org/10.3389/feart.2020.00066
http://doi.org/10.1016/j.media.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29502032
http://doi.org/10.1038/s41598-017-06189-w
http://www.ncbi.nlm.nih.gov/pubmed/28740203
http://doi.org/10.1152/ajpheart.1993.264.1.H205
http://doi.org/10.1161/01.CIR.96.2.535
http://doi.org/10.1161/01.RES.63.3.550
http://doi.org/10.1038/s41598-019-43855-7
http://doi.org/10.1038/s41598-017-12539-5
http://doi.org/10.21037/cdt.2017.06.01
http://doi.org/10.1161/CIRCIMAGING.117.005614
http://doi.org/10.1016/j.ultrasmedbio.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29685590

	Introduction 
	Materials and Methods 
	Subjects 
	Strains, Tensors, Strain Directions and More 
	Statistical Analysis and Visualization 
	Epi-Endo Comparison 
	Control vs. Diseased Patients Comparison 
	PSD Angle Differences vs. Static Curvature Ratio 
	Results Visualization 


	Results 
	Epi-Endo Comparison 
	Control vs. Diseased Comparison 
	p Differences vs. Static Curvature’ Ratio 

	Discussion 
	Limitation of the Study 
	References

