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Abstract
False tendons (FTs) are fibrous or fibromuscular bands that can be found in both the normal

and abnormal human heart in various anatomical forms depending on their attachment

points, tissue types, and geometrical properties. While FTs are widely considered to affect

the function of the heart, their specific roles remain largely unclear and unexplored. In this

paper, we present an in silico study of the ventricular activation time of the human heart in

the presence of FTs. This study presents the first computational model of the human heart

that includes a FT, Purkinje network, and papillary muscles. Based on this model, we per-

form simulations to investigate the effect of different types of FTs on hearts with the electri-

cal conduction abnormality of a left bundle branch block (LBBB). We employ a virtual

population of 70 human hearts derived from a statistical atlas, and run a total of 560 simula-

tions to assess ventricular activation time with different FT configurations. The obtained

results indicate that, in the presence of a LBBB, the FT reduces the total activation time that

is abnormally augmented due to a branch block, to such an extent that surgical implant of

cardiac resynchronisation devices might not be recommended by international guidelines.

Specifically, the simulation results show that FTs reduce the QRS duration at least 10 ms in

80% of hearts, and up to 45 ms for FTs connecting to the ventricular free wall, suggesting a

significant reduction of cardiovascular mortality risk. In further simulation studies we show

the reduction in the QRS duration is more sensitive to the shape of the heart then the size of

the heart or the exact location of the FT. Finally, the model suggests that FTs may contribute

to reducing the activation time difference between the left and right ventricles from 12 ms to

4 ms. We conclude that FTs may provide an alternative conduction pathway that compen-

sates for the propagation delay caused by the LBBB. Further investigation is needed to

quantify the clinical impact of FTs on cardiovascular mortality risk.
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Introduction
False tendons (FTs) are additional fibrous or fibromuscular strings occasionally located inside
the ventricles, and which are attached to either the ventricular wall, the septum, or the papillary
muscles (PMs) [1]. Autopsy investigations have shown a high prevalence of these anomalies,
ranging from 34% to 68% of the population (Table 1) in healthy humans. A wider prevalence
range is reported in echocardiographic studies, from less than 1% to more than 85% (Table 1),
which shows the difficulty in imaging FTs in vivo, which in turn makes it difficult to study
their significance and possible effects on the cardiac function.

Autopsy studies show that FTs comprise different tissue types including connective, con-
ductive, and fibrous tissues, as well as blood vessels [1–5], which suggests that their presence is
likely to intervene in the cardiac electrical conduction and more generally in the function of the
heart. This is further supported by reports of isolated premature ventricular contractions [5–
7], electrical activation re-entry [4], tachycardia [8, 9], and electrocardiographic changes [10–
14] in subject with FTs. So far, due to the complexity of the FTs and the challenges associated
with their in vivo imaging, their exact significance, effects and possible risks to the human
heart remain largely unclear [4, 15, 16].

On the other hand, despite their relatively high prevalence and the increasing clinical interest
associated with FTs, to the best of our knowledge there exists in the literature no computational
model assessing the activation times of the human heart that includes the influence of FTs. Yet,
such a model would constitute a valuable complement of clinically-motivated studies for simulat-
ing and understanding the effects of FTs on specific aspects of the cardiac function such as elec-
trical conduction. Furthermore, it would allow the study of the role of FTs under a wide range of
scenarios through the use of virtual populations and numerical simulations, both in the healthy
heart and also in relation to specific cardiac anomalies, such as the left bundle branch block
(LBBB), which has been observed simultaneously with a FT in a recent case study [14].

LBBB is a condition affecting 1–2% of the general population [17], for whom the activation
of the left ventricle is delayed due to the disruption of the electrical conduction along the left
bundle branch. In the presence of a complete LBBB, the left ventricle is activated by the electri-
cal stimulus propagating from the right ventricle. Thus, the overall ventricular activation time
increases, as reflected by the widening of the QRS complex in the surface electrocardiogram
(ECG).

As the risk of cardiovascular (CV) mortality increases for QRS lengths above 80 ms [18],
patients suffering from this condition may benefit from cardiac resynchronisation therapy
(CRT). However, the installation of CRT devices carries inherent risks, and international clini-
cal guidelines [19, 20] indicate an empirical threshold (QRSd,TH = 120 ms) of the QRS duration
(QRSd), below which CRT is not recommended. On the other hand, FT could in principle
reduce QRSd and thus the risk of CV mortality.

Consequently, the objective of this paper is twofold. First, we propose to the best of our
knowledge the first computational model of the human heart that includes a FT. Subsequently,
we use our model to test the hypothesis that the presence of FT in the left ventricle reduces the
LBBB-induced QRS prolongation. The reduction is then quantified with respect to the CV
mortality risk based on [18], in particular whether the QRSd falls below QRSd,TH.

To this end, we address the following key technical challenges: 1) We derive a representative
virtual population of ventricular models, within which different configurations of FTs are gen-
erated. 2) We introduce a computational approach for modelling the PMs, which is a critical
step in this process as FTs are in some configurations connected to the PMs. 3) We extend the
existing literature on the Purkinje (PK) system to incorporate both the PMs and FTs. 4) Finally,
we generate several types of FTs based on the existing literature from autopsies and histological
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studies. To validate our model, we perform a total of 560 simulations of the ventricular activa-
tion time to assess the action potential (AP) propagation under different FT configurations and
in the presence or absence of bundle branch blocks.

1 Methods
The proposed computational model requires the modelling of various structures and elements
that are involved in the definition and electrical function of FTs. These include the ventricles,
within which the FTs are located. In this in silico study, a virtual population of 70 ventricles is
generated from a statistical cardiac atlas, as detailed in Section 1.1. Next, we enrich the compu-
tational model, as described in Section 1.6, with PMs as they can serve as connection points for
the FTs. Additionally, due to its importance in electrical conduction, a new PK system that
takes into account the presence of PMs is generated in Section 1.3 The modelling of the FTs
themselves is presented in Section 1.4. Finally, using the solver and protocol detailed in Section
1.6, we perform simulations of the ventricular activation time based on the introduced compu-
tational model and the virtual population of ventricles.

1.1 Ventricular model
To simulate the effect of FTs on the human heart, a sample of hearts with variable ventricular
geometries is required. Previous simulation works have used simplified geometries such as an
ellipsoidal model [36] of the left ventricle (LV) or have acquired animal models [37–39], which
can differ from the human heart in many aspects. More recently, patient-specific simulations
of full-heart human electrophysiology have emerged [40]. Instead, in this paper we use a virtual

Table 1. Studies of the Prevalence of False Tendons (FTs) in the Human Heart by Autopsy (a) and
Echocardiography (b).

Reference Study size FT prevalence (%)

(a) Gerlis et al. [21] 686 48

Luetmer et al. [22] 483 55

Boyd et al. [23] 474 68

Abdulla et al. [3] 100 34

Grzybiak et al. [24] 180 40

Kervancioğlu et al. [1] 8 63

(b) Okamoto et al. [25] 132 46

Nishimura et al. [26] 1000 <1

Perry et al. [27] 3847 <1

Suwa et al. [5] 1117 6

Sethuraman et al. [28] 1012 <1

Brenner et al. [29] 100 61

Vered et al. [30] 2079 2

Malouf et al. [31] 488 25

Casta and Wolf [32] 218 14

Suwa et al. [6] 187 71

Cangelosi et al. [33] 916 26

Cocchieri and Bardelli [34] 273 29

Kervancioğlu [1] 368 26

Lie et al. [35] 99 85

doi:10.1371/journal.pone.0146477.t001
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human heart population generated from a statistical atlas, which accounts for differences in the
shape and size of the ventricles, but without linking the hearts into any specific patient
instances.

More specifically, the in silico population of human ventricles produced in this study is
based on the statistical cardiac atlas by Hoogendoorn et al. [41], which was built from 134 real
patients based on high resolution CT image data, which resulted in high quality and realistic
surface meshes of the cardiac structures. Such an atlas is typically constructed from a represen-
tative sample of human subjects and provides an average shape of the anatomy, together with
the main axes of deviations from this average. Mathematically, each shape can be described
using the following equation:

x ¼ �x þPb; ð1Þ
where x is a vector of size 3n representing the shape in terms of its n 3D landmark points. Here
�x corresponds to the mean shape of the model and P is a t × 3nmatrix that encapsulates t
eigenvectors describing the main directions of variation in the model. Each unit vector is asso-
ciated with an eigenvalue λi, i 2 {1, � � �, t} that describes the amount of allowed variation along
each axis. Finally, b = (b1, � � �,bt)T is a vector that encapsulates the bi weights that control the
deviation of the shape x from the mean �x.

In this work we chose t = 10 modes of variation to generate the virtual shapes, by randomly

varying the deviation weights bi within the allowable bounds of the model�3
ffiffiffiffi
li

p � bi �
þ3

ffiffiffiffi
li

p
[42]. A virtual population of 70 ventricular meshes were generated and used to run a

large number of AP propagation simulations based on varying configurations of the PMs, FTs,
and the PK system, as detailed in subsequent sections.

1.2 The papillary muscle
The PMs are common endpoints for the FTs and therefore they must be modeled so that the
computational model has the capability to represent such configurations. However, due to the
complexity of PMs, in silicomodels of the heart usually do not include PMs (nor the trabecu-
lae). In this work, we propose a statistical approach to PMmodeling. More specifically, seven
CT datasets were acquired and used to assess key anatomical features of the PM [43–45]. These
include length, diameter, attachment points, angle inclination from base to tip, and distance to
the LV (more details can be found in Table 2). Subsequently, the statistical variability of these
parameters was estimated, thus allowing to generate in new ventricular models virtual PMs
with multiple configurations and varying properties in new ventricular models. Note that only
subjects with a single posterior papillary muscle (PPM) and a single anterior papillary muscle
(APM) are included in the sample. This is sufficient for the experiments with the FT, as major-
ity of FTs connect to one PM [4]. Furthermore, the APM is in most cases singular [46].

The CT image data were acquired from patients who underwent a CT examination as part
of their routine diagnostic protocol for suspected coronary artery disease. The CT scanner used
for this purpose was a 64-row detector Toshiba Aquilion 64 system (Toshiba Medical Systems,
Tochigi, Japan), with contrast material of 80 to 100ml Xenetic 350 applied at a rate of 5ml/s,
which allowed to enhance the appearance of the PMs. The obtained resolution of the images
was of 0.4 mm × 0.4 mm × 2.0 mm.

To obtain the length, diameter and direction from the base to the tip of the PM (referred to
as orientation), key anatomical landmarks were consistently defined on the CT images by
using the medical image analysis software GIMIAS v1.5 (www.gimias.org). More specifically,
four landmarks were selected manually as the center point of the area where the PM joins the
LV (i.e., attachment point), the tip of the PM and two landmarks that determine the diameter
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of the PM (Fig 1). Two further quantities were automatically calculated from a LV atlas
instance, which were fitted to the image, i.e. the center of the mitral valve and the left ventricu-
lar apex. Table 2 shows the relationships between the landmarks and the PM parameters,
together with the mean and standard deviation values.

We represent a PM model in this work by combining a cylinder and a paraboloid, where
this choice of shape is based on images of PM found in the literature [46–48]. The parameters

Table 2. Statistical Parameters of the Anterior Papillary Muscle (APM) and the Posterior Papillary Muscle (PPM), Calculated from Landmarks in the
Left Ventricular (LV) Computer Tomography Scans.

Parameter Landmark relation APM PPM

LV axis A line connecting the LV apex and the center of mitral valve. N/A

LV length in mm Length of the LV axis. 98.0 ± 8.5

Normalised† PM diameter Distance between landmark (3) and (4). 8.9 ± 1.7 8.3 ± 1.9

Normalised† PM length Distance between the attachment point(1) and tip(2). 33.6 ± 5.3 27.6 ± 5.5

PM attachment triangle The triangle in the LV-Mesh that is closest the attachment point(1). N/A N/A

Angle in degree between PM tip
and attachment point

Angle between the line from the attachment point(1) to the LV axis and the line from the
tip(2) to the LV axis in a plane perpendicular to the LV axis.

19.9 ± 6.3 27.8 ± 12.2

PM tip distance in mm from LV A line starting from the LV axis and perpendicular to it through the tip point and
intersection the LV-Mesh.

24.1 ± 3.1 21.7 ± 3.8

(i) Landmark (i) in Fig 1, for i = {1,2,3,4}

N/A: Not applicable
†normalised with respect to LV length and multiplied by 100

doi:10.1371/journal.pone.0146477.t002

Fig 1. A computed tomography slice andmesh of the left ventricle (red) with the landmarks (yellow).
This has been used to build the statistic of the papillary muscle: (1) Attachment point (2) Tip of papillary
muscle, (3–4) Landmarks for the diameter estimation.

doi:10.1371/journal.pone.0146477.g001
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for the cylinder and paraboloid are indicated in Table 2. The cylinder is defined as 60% of the
PM length. The remaining part of the PM is represented by the paraboloid given in cylinder
coordinates with origin at the center of the bottom of the cylinder z(r, φ) = L − 4 � 0.4Lr2/(d2)
where d is the diameter of the resulting PM, L is the length, 0.4L is the height of the paraboloid,
and r is the radial direction.

The PM is then placed at one of the statistically defined attachment points, oriented accord-
ing to the statistics, and merged with the ventricular model, which results in a new LV surface
with a PM as illustrated in Fig 2.

1.3 Purkinje fibre generation
The coordinated and fast activation of the heart is ensured by an insulated network of fast con-
duction cells, which span the endocardium. The so-called PK network, which delivers the
Action Potential (AP) to the ventricles. The pattern in which the AP travels the ventricle is crit-
ical to the efficiency of the heart contraction and, therefore, it is important to consider the PK
network in our simulation. However, thus far, the in vivo imaging of the PK fibre network
remains infeasible. This means its construction in computational models of the heart is usually
achieved manually [49], with rule-based deterministic models [50, 51], or extracted from ex
vivo images [52]. However, existing techniques do not take into account the presence of PMs
and FTs. In this paper, we propose an extension of the algorithm of Sebastian et al. [51] to
account for these additional structures, as well as to adapt it for the right ventricle (RV).

The PK network is algorithmically generated with an L-system. This iterative process uses
two basic elements, i.e., L- or Y-shaped structures, which are generated progressively from a
given starting point. For the Y-structures, the direction of growth is from the lower part to the
upper part, which then creates two new starting points. In L-structures, the growth starts at the
lower left corner and advances toward the two endpoints, which in turn creates new starting
points. At the next iteration, a new starting point is randomly selected from the set of starting
points. With this implementation the resulting network depends on the angle of the L- or Y-
structure, the length of the branches, and the number of points from which each of the

Fig 2. Different terminations of the false tendon (green) with Purkinje (PK) fibre system (white). (a) False tendon directly connected to the main PK
system, on a left ventricular surface based on triangles with papillary muscle, where the endocardium is red and the epicardium is blue. (b) False tendon
terminating in small PK fibre branching, on a left ventricular volume mesh based on tetrahedra with papillary muscle, with myocardium in red.

doi:10.1371/journal.pone.0146477.g002
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segments are built, because they allow structure flexibility and thus the newly grown fibres can
avoid the already existing network. More details can be found in [51].

Our modified algorithm for the generation of a PK system in the LV consists of three stages,
where the first is landmark driven and the last two are deterministic rule-based. In the first
stage the left bundle branch and the three main branches are created (Fig 3a). To do so a Pur-
kinje fibre is generated from the starting point of the left bundle branch in the direction of the
ventricular apex, and branches after two-thirds of the way in the three main fibres. Two of
these fibres proceed towards the PPM and APM, respectively, and the third towards the apex.
After reaching their landmarks all fibres are grown towards the base of the heart, where they
stop 2 cm before reaching the basal plane. After the three main fibres have been grown with an
L-rule, a deterministic fibre generation at the endpoints is started with an Y-rule. Note that all
the branches are grown underneath the PM (Fig 2a) and continued on the endocardial surface
after passing the PM. The second stage (Fig 3b) creates new Y-structures at the endpoints of
the developing PK graph, which extend onto the PM. The last two stages create a homogeneous
network with loops for redundancy, while the final stage (Fig 3c) increases the density of Pur-
kinje muscle junctions, without creating looping PK fibres. Therefore, based on the American
Heart Association segment model [53], random points are selected from the previous PK net-
work and used as possible starting points. At some of these points smaller Y-structures are
generated.

For the RV, the bundle is grown from the AV-Node towards the apex of the RV. Again at
two-thirds of the way the branch splits in two, where one branch progresses to the apex and
the other crosses to the right ventricular wall [54]. The second and third stages are essentially
the same as for the LV, and differing only in stage two, which begins with only two starting
points and in which the fibres do not avoid each other.

The growth parameters for the LV and RV are summarised in Table 3.

1.4 Creation of false tendons
After generating the PK network, as detailed above, the main contribution of this work, the FT,
is finally incorporated to the computational model of the electrical conduction system of the
heart.

Fig 3. The three stages of the Purkinje growing algorithm. Algorithm applied on the left ventricular surface with papillary muscle. (a) First stage with main
fibres in blue and endpoints marked by yellow sphere, (b) finer second stage in green and (c) with final branching of the last stage in red.

doi:10.1371/journal.pone.0146477.g003
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The FT model is based on clinical observations that 60% of FTs feature conductive tissue [4]
and this tissue shows the same microscopic structure as the bundle of His. Moreover, the fibres
are connected to the bundle of His [3, 4, 55], which suggests that the bundle of His radiates
into the FTs [3, 4]. For this reason, we model the FTs as additional PK fibres, which are
attached to either the ventricular wall, the septum, or the PMs. We made this simplification
because the fast conduction tissue is the only tissue that influences the total activation time, i.e.,
the time elapsing while the AP propagates from the AV node to the last activated muscle cell.

We begin the modelling process by automatically selecting the starting point of the FT at
the left bundle branch, and by selecting the endpoint on the APM, PPM, or the ventricular free
wall, depending on the desired FT configuration. Due to the lack of knowledge on how the Pur-
kinje fibre in the FT merges into the PM or ventricular muscle, we distinguish two different
connection types at the endpoint. The first one is a direct connection of the PK fibre in the FT
to the PK system on the LV, which is constructed by an additional PK fibre segment that con-
nects the endpoint of the FT to the closest PK fibre point (Fig 2a). The second case is a delta
connection, which branches from the endpoint of the FT into a tree of PK fibres. This is
achieved with the PK growing algorithm starting at the endpoint with a segment length of
0.2 ± 0.1 mm and a branching angle of 60.0 ± 1.0°. The algorithm generates ten branches,
which do not connect to the main PK system. (Fig 2b).

1.5 Modeling of a left bundle branch block
In this study we investigate the influence of FTs on hearts with conduction disturbances. Since
the FT provides an additional conduction path from the bundle of His to the PK network, it is
important to understand its benefit in the presence of a bundle branch block.

We model the LBBB in our PK fibre network by assuming that the activation of the FT is
not affected, which means the LBBB occurs downstream of the FT insertion point. This
assumption is supported by the reported origin of the FT from the bundle of His and a recent
publication by Irie et al. [14], who report a case of LBBB in the presence of a FT. In that partic-
ular case the FT is connected to the ventricular free wall and it is reported that ‘the lateral LV
wall contracted during systole and relaxed during diastole, whereas the septum expanded dur-
ing systole and contracted during diastole’ Irie et al. [14]. This behaviour can originate from an
AP traveling through the FT and activating the ventricular free wall.

The chosen region for the LBBB is assigned a flag in the computational model, such that in
the AP propagation simulation we can set the conduction velocity in that particular region to
zero. This corresponds to a full conduction block.

1.6 Ventricular activation time estimation
In the second part of the paper (validation section), we illustrate the potential of the proposed
computational model to study the effects of FTs in the electrical activation of healthy hearts

Table 3. Values used for the Deterministic Purkinje Network Growing in the Left Ventricle (LV) [51] and Right Ventricle (RV).

Second step Third step

LV RV LV RV

Branch Length [mm] 6 ± 0.3 4 ± 0.3 1 ± 0.03 1 ± 0.03

Branch angle [degree] 60 ± 40 60 ± 20 60 ± 40 60 ± 40

Number of Segments 10 10 5 5

Max. branches 300 800 600 1000

doi:10.1371/journal.pone.0146477.t003
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and in hearts with a LBBB. To this end, the AP propagation simulations need to be carried out,
for which different modelling approaches exist. For the intended experiments an estimate of
the ventricular activation time is need, while the ionic currents over the cell membrane will not
be altered or be of interest. For this reason, we choose the Eikonal equation to model the AP
propagation. This describes the wave propagation according to a prescribed constant conduc-
tion velocity without modelling the cell membrane. More importantly, it has been shown that
the Eikonal approximation gives good approximation of the myocardial activation time [56–
58] needed for our experiments. There also exist more sophisticated models, such as the bido-
main model [59–62], which models the electrical activity in- and outside of the cell, and over
the cell membrane. A simpler model is the monodomain model [52, 59–62], which assumes
equal anisotropy ratios between the intra- and extracellular conductivities, but uses the same
cell membrane modelling methodology. The monodomain and bidomain models are diffusion
reaction models, which are usually solved with a spatial discretisation method, such as finite
volumes or finite elements [63], on a high resolution volume mesh (1 000 000 vertices or
more). This makes the models computationally very demanding, and unsuitable for the large
number of simulations we intend to run.

The following Eikonal problem is solved with the fast marching method [64](r�AFðAFÞTr�T � 1 ¼ 0 xi 2 O

�ðxiÞ ¼ �0ðxiÞ xi 2 @O;
ð2Þ

where O is the problem domain, ϕ0 are the known activation times and ϕ is the activation time
to be obtained, the orthogonal matrix A is composed from the unit vectors pointing along the
myocardial fibre orientation and F represents the conduction velocity on the diagonal.

For the simulation, tetrahedral volumetric meshes with approximately 70 000 vertices (Fig
2b) are generated from the ventricular surfaces with PMs using the TetGen library. For all ver-
tices of the tetrahedral mesh, the myocardial fiber orientation is estimated using the Streeter
model [65] with a linear interpolation between endocardium and epicardium. While for the
RV and LV the same rules are applied for vertices in the PM the fiber orientation is aligned to
the long axis of the PM as described in [66, 67] (Fig 4). At the border between ventricle and
PM the fibres are locally smoothed by the solver as it uses the average fibre orientation per
tetrahedra.

The volumetric mesh together with the one dimensional PK system provides the spatial
domains O within which the Eikonal equation is solved for the estimation of the activation
time of the heart. Both domains are coupled at the endpoints of the PK network, where the AP
propagation from the PK system to the myocardial system is delayed by 6 ms and 1 ms in the
opposite direction [68, 69]. Here the PK fibre system includes the FT, such that there is no
additional delay between the normal PK fibres and the FT fibre. In the case of a delta ending
only, which connects the FT to the myocardium, we apply a delay of 6 ms.

The Eikonal equation is solved with the fast marching method proposed in [64], where the
myocardial conduction velocity is equal to 0.8 m/s in the longitudinal direction and to 0.3 m/s
in the transversal direction. For the PK fibre network and for the FT, we set the conduction
velocity to 3.5 m/s.

2 Virtual population experiments and results

2.1 Sensitivity of the QRSd to different Purkinje network topologies
Before evaluating the computational model of the FTs, we estimated the variability of the QRSd
due solely to different configurations of the PK system. To achieve this, we chose an arbitrary
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ventricular mesh with PMs and generated the volumetric mesh with fibre orientations. To this
ventricular model we then applied our PK growing algorithm (Sec. 1.3) with the parameters
from Table 3, i.e., for a total of 25 different PK systems. Two parameters (length, branching
angle) were varied following a Gaussian distribution (Table 3), while the remaining eight
parameters were fixed. For each of the PK systems, the Eikonal equation was solved with the
same ventricular geometry and then we estimated the myocardial activation time. From the
myocardial activation time the QRSd was calculated as the time difference between the first
myocardial activation and the time at which the entire myocardium has been activated. The
electrical charge in the PK network is negligible and will not be captured by a surface ECG [70,
71]. We obtained a mean QRSd of 108 ± 6 ms with a range from minimal 94 ms to maximal
118 ms. For the aforementioned simulations the model did not include FTs.

2.2 Influence of false tendons on the ventricular activation time
The aim of the following experiment was to investigate the influence of different FTs configura-
tions on the QRSd. To do so, we conducted simulations with 560 different heart model configu-
rations, based on the 70 virtual ventricle shapes as generated in Section 1.1. For each shape, a
PK fibre network was constructed, which was then supplemented with the addition of a FT.
We obtained six new configurations (Fig 5) where the FT connected into the PPM, the APM or
the ventricular free wall (three subtypes) and each of the FTs was created either with a direct
connection at the end, or with a delta connection (two subtypes). All the simulations on these
configurations were run with a PK system featuring a LBBB and an additional simulation with
the healthy Purkinje system without LBBB and FT. In total, this resulted in 8 different configu-
rations per geometrical shape (i.e., 560 simulation runs).

Quantification of the influence of the FT on the AP propagation was based on the reduction
of the LBBB-induced QRSd prolongation observed between the “LBBB, no FT” and “LBBB
with FT”-cases (we denote the difference in QRSd by QRSDiff). As each 10 ms increase above

Fig 4. Example of the myocaridal fibre orientation.Myocardial fibre orientation generated with the
Streeter model in one exemplary heart.

doi:10.1371/journal.pone.0146477.g004
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the QRSd of 80 ms has been associated with 10% increase in CV mortality risk [18], we quanti-
fied the FT-induced reduction of QRSd by 10 ms intervals. Subsequently, we tested whether the
total ventricular activation time was reduced to such an extent that QRSd would fall below
QRSd,TH, such that CRT would not be recommended by international guidelines. Finally, we
used the Kolmogorov–Smirnov test to investigate the similarity of the population featuring a
LBBB with FT and without FT to the healthy population.

For the healthy heart, the experiments revealed a QRSd of 108.5 ± 7.1 ms, which is only
slightly affected by a FT. However, the activation time near the FT attachment point decreases
locally (Fig 6b). The control cases with a LBBB but without FTs show an increased mean QRSd
to 131.9 ± 9.8 ms. This is an expected result since the LBBB disrupts the conduction toward the
PK network, delaying the activation until its breakthrough at the septum from the RV.

However, the experiments with a LBBB shows a clear benefit from the presence of a FT.
The simulations including FTs to the ventricular free wall show the shortest mean QRSd,

while a FT connecting to the PPM gave the only mean QRS durations above the threshold
QRSd,TH. In general, the direct connection results in shorter QRSd than the delta connection
(Table 4), which may be explained by the fact that the electrical impulse propagates partly in
the slow conduction myocardium before re-entering the PK fibre network.

In most cases the presence of a FT decreased the QRSd by more than 10 ms (Fig 5). Badheka
et. al [18] showed that this reduction indicates a more than 10% lower risk of CV mortality.

Fig 5. Shortening of the QRS grouped by decades of shortening. Shortening given for the direct and delta connected false tendon to various endpoints.
The mean QRS duration without FT was 131.9 ± 7.1 ms.

doi:10.1371/journal.pone.0146477.g005
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FTs with direct connection showed a QRSDiff of 20 ms or more, suggesting a stronger effect of
the alternative conduction pathway produced by FTs of this type. In few cases the FT pro-
longed the QRSd. This might be explained by an earlier onset of the AP in the myocardium due
to the FT, but the total activation time is still determined by the AP front originating from the
right ventricle (Fig 7).

Evaluating the QRSd with respect to the CRT treatment recommendation showed a benefit
from the FTs (Table 4 and Fig 8b). To see this we compare subjects with LBBB and no FT to
subjects with LBBB and FT. In case of LBBB, the majority of the subjects, 94%(n = 66), have a
QRSd longer then the threshold QRSd,TH. For a LBBB in conjunction with a FT and delta con-
nection, only 33%(n = 69) of the subjects have a QRSd longer than QRSd,TH. With a direct con-
nection of the FT, even fewer subjects remain over the threshold, 8%(n = 16).

Subsequently, we compared the differences in the cumulative distributions of the QRSd (Fig
8) with a two sample Kolmogorov-–Smirnov test, which confirmed with a significance of α =
0.01 the similarity of the healthy heart with that featuring a FT with direct connection and a
LBBB. In contrast, when comparing the healthy heart with a pathological heart due to a LBBB,
the Kolmogorov–Smirnov test is still rejected at the much smaller α = 0.0001.

2.3 Synchrony in left and right ventricular activation
In this experiment, we examined the synchronous activation of the LV and RV for a healthy
heart, a heart with a LBBB, and a heart with a LBBB and a FT. To do so, we employed a cumu-
lative histogram of activated tissue (Fig 9).

Fig 6. Comparison of the activation pattern with and without false tendon for the same heart. (a) The local activation times for the heart without FTs, (b)
subtracted the activation time of the heart with a FT to the ventricular free wall, (c) the same with a left bundle branch block and a FT to the anterior papillary
muscle.

doi:10.1371/journal.pone.0146477.g006

Table 4. Themean QRS duration for n = 70 geometries and different configurations of the heart model, and the proportion with QRS duration longer
than the threshold Qd,TH = 120ms. (LBBB) Left bundle branch block, (PPM) posterior papillary muscle, (APM) the anterior papillary muscle, and (VFW) the
ventricular free wall.

No FT LBBB and Direct FT to LBBB and Delta FT to

QRS Duration Healthy LBBB APM PPM VFW APM PPM VFW

Mean [ms] 108.5 ± 7.1 131.9 ± 9.8 108.1 ± 7.5 110.1 ± 6.5 105.8 ± 7.1 116.0 ± 9.6 124.3 ± 11.74 111.5 ± 7.1

>Tth in %(n) 4 (3) 94 (66) 4 (3) 9 (6) 4 (3) 31 (22) 57 (40) 10 (7)

doi:10.1371/journal.pone.0146477.t004
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Fig 7. QRSd prolongation. In a few cases the QRS duration may be prolonged by adding a false tendon. In
these cases (left without false tendon), the last point activated is still reached by the wave front from the right
ventricle, but there is an earlier onset of myocardial activation, here seen in the papillary muscle (right with
false tendon).

doi:10.1371/journal.pone.0146477.g007

Fig 8. Histogram of the QRSd in the study population (n = 70). (a) Cumulative histogram for all sub
groups, (b) Histogram for the healthy, the LBBB, all case with direct connected FT and LBBB and all case
with delta connected FT and LBBB. LBBB left bundle branch block, PPM posterior papillary muscle, APM
anterior papillary muscle, VFW ventricular free wall, FT false tendon.

doi:10.1371/journal.pone.0146477.g008
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To measure the synchronicity of the activation, we manually divided the myocardium in the
LV and RV by a planar boundary in the middle of the septum (Fig 10). Subsequently, we
extracted the first activation time in the LV, as well as the time from the onset of the activation
in the His bundle until the last point in the LV becomes activated. For the RV, the same mea-
sures were calculated. Finally, we calculated the time difference between the last point of activa-
tion in the RV and the last point of activation in the LV to evaluate the (dys)-synchrony of the
cardiac activation.

The results (Table 5 and Fig 9) indicate that the dys-synchronous activation of the LV and
RV in a LBBB is compensated for by the presence of the FT. The initial activation of the LV in
the presence of a LBBB but without a FT occurs 12 ms later compared to the healthy heart. In
the presence of a FT, however, this difference is reduced to 4 ms only. The third row in Table 5
shows that in the healthy case, the LV was fully activated after 97 ms, while in the case with a
conduction block, 125 ms elapsed before full activation. This difference in activation time can
be overcome by a FT, whereby the LV is activated 11 ms earlier. In the presence of a FT, the
activation in the LV proceeds within the same period as in the healthy case, but from a different
starting point (Fig 6a and 6b). The AP travels from the FT to the PM toward the septum and
basal area. The activation in the direction of the basal area is comparable to the healthy case,
but the activation of the apex and the septal region occurs later. Thus, even when the total acti-
vation times are within a healthy range, the contraction pattern needs to be evaluated before
we can judge the efficiency of the contraction.

It is worth noting that the RV is affected in the same way by the LBBB and the FT. The main
effect is the missing activation in the septal area due to the failure of activation from the LV.

2.4 The effect of heart size and shape on the FT-induced QRSd

reduction
So far this study has looked at different types of FT across a virtual population of heart shapes
to evaluate the possible benefit of a FT in case of a LBBB. An interesting additional question is,
what influence do the shape of the heart, the size of the heart, or the FT configuration have
individually on the ventricular activation time or when compared against each other? There-
fore, we performed an additional study consisting of three different sample populations to

Fig 9. The cumulative percentage of myocardial tissue activated over time. Activated tissue for the
healthy heart, the same heart with left bundle branch block (LBBB), for a heart with a direct connected false
tendon (FT) to the ventricular free wall and LBBB. The heart in healthy condition and the case of a LBBB with
FT are similar, while in case of a LBBB the slope is smaller.

doi:10.1371/journal.pone.0146477.g009
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Fig 10. Manual division of the myocardium by a plane in left and right ventricle. This division has been used to estimate the activation time in the
different ventricles.

doi:10.1371/journal.pone.0146477.g010

Table 5. For a healthy heart, the same heart with left bundle branch block (LBBB) and the same heart
with direct connected false tendon (FT) to the ventricular free wall and LBBB times are compared. The
time the action potential needs from the activation of the Bundle of His to the first activation in the left ventricle
(LV) and right ventricle (RV) are compared, and the time elapsing from the first activation in the LV/RV to the
last activation in the LV/RV. This reveals that in case of LBBB the RV and LV are not synchronous in activa-
tion, but a FT reinstates part of the synchrony.

Activation time [ms] Healthy LBBB FT&LBBB

First LV 23 35 27

First RV 26 26 26

Total LV 97 125 86

Total RV 73 98 86

doi:10.1371/journal.pone.0146477.t005
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characterise the influence of each of these three factors independently from each other. For
simplicity, we define the size of the heart as the LV length.

The first population (P1) was generated by choosing randomly four heart shapes of the 70
hearts in section 2.2 and then scaling them to have LV length between 70–90 mm with 2 mm
intervals. For each of the 40 hearts, a Purkinje system with and without FTs has been generated,
where the attachment point of the FT to the APM/PPM was fixed on the top of the papillary
muscle and the FT to the ventricular free wall was always attached the same point on the ven-
tricular free wall. This population was used to characterise the effect of size on ventricular acti-
vation time.

The second population (P2) was generated to characterise the effect of heart shape. It was
built using all 70 shapes from section 2.2, but rescaled to a fixed LV length. For each shape a
Purkinje system was generated with all types of FT, where the attachment points were fixed to
match those used in P1.

In the third population (P3), the FT attachment point on the ventricular free wall was var-
ied. Therefore, the four heart shapes previously used to generate P1 were scaled to 80 mm LV
length, and a Purkinje system without FT was generated. These four Purkinje networks were
than used as a basis for Purkinje networks with FT connecting to the ventricular free wall. Ran-
domly chosen attachment locations of the FT in the ventricular free wall were selected to gener-
ate 50 different Purkinje networks per shape.

By performing simulations using the Eikonal model, we can study how the ventricular acti-
vation time is affected by the LV size in P1. To quantify this, we recall the definition of QRSDiff
which is the change in ventricular activation time observed between the “LBBB, no FT” and
“LBBB with FT”-cases (Table 6). As one would expect, the ventricular activation time has a
general tendency to increase as the LV length increases, as shown for one case in Fig 11 (top).
Somewhat surprisingly, the suspicion that QRSDiff would show the same behaviour turns out
not to hold in this particular case. Initially increasing with LV size, QRSDiff seems to reach a
particular value and then plateau out (Fig 11, bottom). This may indicate that the size of the
LV has relatively little influence on the reduction in ventricular activation time, or that the
effect will at least be less pronounced for small hearts.

Table 6. Mean and Standard Deviation of the QRSDiff [ms] in the Different Populations.

PPM-Delta PPM-Direct APM-Delta APM-Direct VFW-Delta VFW-Direct

P1: Case 1 4.69 ± 5.42 7.32 ± 4.46 4.16 ± 4.76 10.62 ± 3.60 8.46 ± 4.05 9.96 ± 3.91

P1: Case 2 9.41 ± 4.55 17.38 ± 4.26 17.00 ± 5.04 24.74 ± 3.55 19.22 ± 3.29 23.86 ± 2.23

P1: Case 3 8.95 ± 5.92 22.08 ± 4.87 11.55 ± 6.66 23.80 ± 5.33 21.30 ± 4.00 27.76 ± 3.99

P1: Case 4 10.83 ± 5.28 19.74 ± 3.63 8.96 ± 5.76 20.85 ± 2.83 21.24 ± 3.11 24.96 ± 2.53

P2 8.49 ± 8.64 18.96 ± 8.91 14.38 ± 8.80 21.23 ± 9.02 18.42 ± 8.23 23.73 ± 8.44

P3: Case 1 N.A. N.A. N.A. N.A. 14.02 ± 0.00 14.02 ± 0.00

P3: Case 2 N.A. N.A. N.A. N.A. 17.30 ± 2.36 20.26 ± 1.59

P3: Case 3 N.A. N.A. N.A. N.A. 19.47 ± 2.68 23.86 ± 2.47

P3: Case 4 N.A. N.A. N.A. N.A. 14.80 ± 2.44 15.91 ± 0.12

PPM Posterior Papillary Muscle
APM Anterior Papillary Muscle
VFW Ventricular Free Wall
N.A. Experiement Not Conducted

doi:10.1371/journal.pone.0146477.t006
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To compare the change in QRSDiff across populations rather than just between individuals,
we report the interquartile range (IQR) of variation in the QRSDiff measure over P1, P2, and P3
respectively in Table 7. Applied to QRSDiff the IQR gives the range of improvement in which
50% of the measured data lie. As such the IQR quantifies the range of data distribution.

The IQR in P2 is in almost all cases much larger than in P1, with as much as four times the
values in P1. This means that the range of improvement is much larger for the shape popula-
tion compared to the size population. This conclusion is further supported by the fact that the
mean QRSDiff varies considerably between subjects in P1 (Table 7). Both observations together
are strong indicators that in this model the improvement of the QRSd in LBBB is more sensitive
to shape then LV length.

The same analyses can be done between P2 and P3 to compare the sensitivity of shape vs.
FT location. This comparison is even more striking, as it can be seen that for certain configura-
tions the observed IQR can vanish, which is also reflected in the smaller standard deviation in
P3 (Table 7). At first this appears surprising, however an explanation is given by looking at the

Fig 11. QRS Duration as a Function of Left Ventricular Length. The QRS duration (QRSd) for different
sizes of the left ventricle, were a LBBB and a false tendon to the anterior papillary muscle is present. The
improvement between the “LBBB, no FT” and “LBBB with FT”-case is given by QRSDiff.

doi:10.1371/journal.pone.0146477.g011

Table 7. Interquartile Range in [ms] of the QRSd Improvement in each Population and Case.

P1 (size) P2 (shape) P3 (FT configuration)

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4

PPM Delta 9.58 4.67 6.91 6.00 15.20 N.A. N.A. N.A. N.A.

PPM Direct 8.16 6.03 4.57 3.41 9.64 N.A. N.A. N.A. N.A.

APM Delta 6.07 5.57 10.67 10.29 10.51 N.A. N.A. N.A. N.A.

APM Direct 5.68 3.48 5.32 3.72 10.83 N.A. N.A. N.A. N.A.

VFW Delta 7.63 3.20 5.12 4.36 10.97 0.00 3.18 3.67 0.24

VFW Direct 6.50 2.40 4.19 2.32 9.29 0.00 1.61 3.23 0.00

PPM Posterior Papillary Muscle
APM Anterior Papillary Muscle
VFW Ventricular Free Wall
N.A. Experiement Not Conducted

doi:10.1371/journal.pone.0146477.t007
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activation patterns. If the improvement by inserting a FT does not depend on the FT attach-
ment location, it means that the last part of the heart to get activated is by an action potential
arriving from the RV, which should be independent of the FT attachment point.

3 Limitations
In this work we chose the Eikonal equation for simulating AP propagation, which provides
information on the activation times only. A limitation of this model is that it does not account
for ionic currents in ventricular cells, and as such it is not able to simulate charge accumulation
or arrhythmia. Even though the Eikonal equation approximates the local activation times very
well, the QRSd estimated from an surface ECG can differ from the QRSd measured on the
endocardial surface.

Furthermore, the current model does not include multiple FTs in one heart, which are occa-
sionally observed [4], but our model could be extended to cover this eventuality. A further limi-
tation of the current model is that the FT is modelled as a single Purkinje fibre, whereas in the
literature it has been observed that a FT can feature also myocardial and fibrous tissue, which
could have a contribution in the electrical conduction. Our work constitutes a first step towards
more advanced simulations and one that is necessary to establish the importance of FTs in the
study of cardiac physiology and function.

The current study does not investigate the exact relationship that the shape of the hearts
and the FTs has on the reduction on QRSd. Therefore, a parametrisation is needed where each
parameter corresponds to clinically intuitive and identifiable features [72]. Such an approach
would lend itself to visually assess FT effects on LBBB patients based on imaging data and sup-
plementing the knowledge of the type of FT in question and surface ECG.

Measurements of the action potential in the Purkinje system are very limited and do not
include systematic studies of the propagation of the action potential. Moreover, reports of FTs
in humans are very few and mostly limited to case studies, which makes it hard to validate our
model against experimental data. Nevertheless, the Eikonal equation and the Purkinje network
model have been previously shown to reproduce local activation times reasonably accurately
[56–58].

4 Discussion and Conclusions
This study demonstrates and quantifies for the first time the effect of the presence of the FT in
terms of QRSd. It has been carried out in anatomically accurate models of the heart in the pres-
ence of LBBB, where the FT is assumed to contain fast conducting fibres. This assumption is
motivated by a recent observation by Irie et al. [14] and the similarities between Purkinje fibres
in the FT and the bundle of His, but lacks extensive clinical evidence. However, our work pro-
vides a motivation for gathering further clinical evidence, as this study shows there are two pos-
sible ways in which the FT can influence the activation pattern. First, it may lead to an
increased CV mortality risk; and second, it may have practical implications on patient
management.

The CV mortality risk is largely influenced by QRSd as each 10ms increase above 80ms has
been associated with a 10% increase in the CV mortality risk, as shown by Badheka et al. [18].
In our in-silico experiments almost all cases show a QRSd reduction, where the mean reduction
was 20 ± 10 ms with a maximum of 45 ms. The shortened QRSd is also reflected in an improved
synchronous activation of the LV and RV. Overall this indicates a substantial improvement,
but also the treatment recommendation can be affected.

The amount of QRSd reduction reported in this paper highlights the impact of FT on practi-
cal patient management. Current guidelines do not recommend CRT for LBBB patients with
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QRSd<120 ms. In our experiments 97% of simulation with no FT present that had QRSd>120
ms, after introducing the effect of the FT, experienced a reduction in their QRSd below the
patient selection criteria. This effect however is dominantly present with FTs of the direct con-
nection type. Therefore, both the presence of the FT and the structure of their attachment has
to be taken into consideration. Overall, a FT seems to impact the QRSd and affect the recom-
mended management of LBBB patients. However, in the same way the presence of a FT can
mask the severity of the LBBB.

By looking at the three parameters shape, LV length and FT attachment point, we have
learned that the QRSd decrease seems to be most sensitive to shape, whereas size still influences
the decrease to certain extent, and the FT location on the ventricular free wall has minor or no
influence at all.

As any model, our model has limitations. With respect to our study, there are two important
to keep in mind. First, the study was performed with the Eikonal model, which only models
wave propagation, but no charge accumulation or specific ion channels. The second is, that the
treatment recommendations are with respect to the surface ECG, while our QRSd are obtained
within the heart.

Overall, our results demonstrated that in some cases of pathological conduction it is relevant
to consider FTs in the electrical activity of the human heart. Future work should investigate
FTs in more detail. A first step will be to further develop our model using the monodomain or
bidomain equations and to refine the FT anatomical model. Such refined models could then be
used to answer the question of how the FT might affect CRT outcome. Finally, the model could
be used to begin explaining unusual electrocardiographic observations like inverted T waves.

Supporting Information
S1 File. Example geometries with Simulations Results.
(ZIP)

S1 Table. Spreadsheet containing simulation results.
(XLSX)

Author Contributions
Conceived and designed the experiments: ML LM TL AF. Performed the experiments: ML TL.
Analyzed the data: ML LM TL KL. Contributed reagents/materials/analysis tools: ML LM TL
KL. Wrote the paper: ML LM TL KL AF.

References
1. Kervancioğlu M, OzbağD, Kervancioğlu P, Hatipoğlu E, Kilinç M, Yilmaz F, et al. Echocardiographic

and morphologic examination of left ventricular false tendons in human and animal hearts. Clin Anat.
2003 Sep; 16(5):389–95. doi: 10.1002/ca.10152

2. Bhatt MR, Alfonso CE, Bhatt AM, Lee S, Ferreira AC, Salerno Ta, et al. Effects and mechanisms of left
ventricular false tendons on functional mitral regurgitation in patients with severe cardiomyopathy. J
Thorac Cardiovasc Surg. 2009 Nov; 138(5):1123–8. doi: 10.1016/j.jtcvs.2008.10.056

3. Abdulla A, Frustaci A, Martinez J, Florio R, Somerville J, Olsen E. Echocardiography and pathology of
left ventricular “false tendons”. Chest. 1990 Jul; 98(1):129–32. doi: 10.1378/chest.98.1.129 PMID:
2361378

4. Loukas M, Louis RG, Black B, Pham D, Fudalej M, Sharkees M. False tendons: an endoscopic cadav-
eric approach. Clin Anat. 2007 Mar; 20(2):163–9. doi: 10.1002/ca.20347

5. SuwaM, Hirota Y, Nagao H, Kino M, Kawamura K. Incidence of the coexistence of left ventricular false
tendons and premature ventricular contractions in apparently healthy subjects. Circulation. 1984 Nov;
70(5):793–798. doi: 10.1161/01.CIR.70.5.793

Protective Role of False Tendon in Subjects with Bundle Branch Block

PLOS ONE | DOI:10.1371/journal.pone.0146477 January 14, 2016 19 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146477.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146477.s002
http://dx.doi.org/10.1002/ca.10152
http://dx.doi.org/10.1016/j.jtcvs.2008.10.056
http://dx.doi.org/10.1378/chest.98.1.129
http://www.ncbi.nlm.nih.gov/pubmed/2361378
http://dx.doi.org/10.1002/ca.20347
http://dx.doi.org/10.1161/01.CIR.70.5.793


6. SuwaM, Hirota Y, Kaku K, Yoneda Y, Nakayama A, Kawamura K, et al. Prevalence of the coexistence
of left ventricular false tendons and premature ventricular complexes in apparently healthy subjects: a
prospective study in the general population. J Am Coll Cardiol. 1988 Oct; 12(4):910–4. doi: 10.1016/
0735-1097(88)90453-6

7. Lee SH, Ryu HM, Lee JH, Lee H, Park SH, Bae MH, et al. A case of an anomalous hypertrophied mus-
cle band in the left ventricle. J Cardiovasc Ultrasound. 2012 Jun; 20(2):97–9. doi: 10.4250/jcu.2012.20.
2.97 PMID: 22787527

8. Betsuyaku T, Muto H, Sugiyama E, Minoshima A, Sato M. False tendon-related polymorphic ventricular
tachycardia. Pacing Clin Electrophysiol. 2012 Dec; 35(12):e341–4. doi: 10.1111/j.1540-8159.2011.
03160.x PMID: 21671957

9. Abouezzeddine O, Suleiman M, Buescher T, Kapa S, Friedman Pa, Jahangir A, et al. Relevance of
endocavitary structures in ablation procedures for ventricular tachycardia. J Cardiovasc Electrophysiol.
2010 Mar; 21(3):245–54. doi: 10.1111/j.1540-8167.2009.01621.x PMID: 19817930

10. Sutton MG, Dubrey S, Oldershaw PJ. Muscular false tendons, aberrant left ventricular papillary muscu-
lature, and severe electrocardiographic repolarisation abnormalities: a new syndrome. Br Heart J. 1994
Feb; 71(2):187–90. doi: 10.1136/hrt.71.2.187 PMID: 8130030

11. Ker J. Sub aortic tendon induced ST segment elevation–a new echo electrocardiographic phenome-
non? Cardiovasc Ultrasound. 2009 Jan; 7:13. doi: 10.1186/1476-7120-7-13 PMID: 19317911

12. Salazar J. Left ventricular anomalous muscle band and electrocardiographic repolarization changes.
Pediatr Cardiol. 1997 Nov-Dec; 18(6):434–6. doi: 10.1007/s002469900223 PMID: 9326691

13. Philip S, Cherian KM,Wu Mh, Lue Hc. Left ventricular false tendons: echocardiographic, morphologic,
and histopathologic studies and review of the literature. Pediatr Neonatol. 2011 Oct; 52(5):279–86. doi:
10.1016/j.pedneo.2011.06.007 PMID: 22036224

14. Irie T, Kurosawa K, Kaneko Y, Nakajima T, Tateno R, Kurabayashi M. Left intraventricular dyssyn-
chrony caused by a false tendon. J Arrhythm. 2015; 31(3):163–166. doi: 10.1016/j.joa.2014.09.002
PMID: 26336551

15. Borg AN, Miller C, Schmitt M. Localised myocardial scar related to left ventricular false tendons. Eur
Heart J Cardiovasc Imaging. 2012 Sep; 13(9):795. doi: 10.1093/ehjci/jes062

16. Loukas M, Klaassen Z, Tubbs RS, Derderian T, Paling D, Chow D, et al. Anatomical observations of
the moderator band. Clin Anat. 2010 May; 23(4):443–50. doi: 10.1002/ca.20968 PMID: 20235167

17. Haataja P, Nikus K, KähönenM, Huhtala H, Nieminen T, Jula A, et al. Prevalence of ventricular conduc-
tion blocks in the resting electrocardiogram in a general population: The Health 2000 Survey. Int J Car-
diol. 2013 Sep; 167(5):1953–1960. doi: 10.1016/j.ijcard.2012.05.024

18. Badheka A, Singh V, Patel NJ, Deshmukh A, Shah N, Chothani A, et al. QRS Duration on Elect rocar-
diography and Cardio vascular Mortality (from the National Health and Nutrition Examination Survey—
III). Am J Cardiol. 2013 Sep; 112(5):671–677. doi: 10.1016/j.amjcard.2013.04.040

19. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Boriani G, Breithardt OA, et al. 2013 ESC
Guidelines on cardiac pacing and cardiac resynchronization therapy. Eur Heart J. 2013 Apr; 34
(29):2281–2329. doi: 10.1093/eurheartj/eht150 PMID: 23801822

20. Russo AM, Stainback RF, Bailey SR, Epstein AE, Heidenreich PA, Jessup M, et al. ACCF/HRS/AHA/
ASE/HFSA/SCAI/SCCT/SCMR 2013 Appropriate Use Criteria for Implantable Cardioverter-Defibrilla-
tors and Cardiac Resynchronization TherapyA Report of the American College of Cardiology Founda-
tion Appropriate Use Criteria Task Force, Heart Rhythm Society, American Heart Association,
American Society of Echocardiography, Heart Failure Society of America, Society for Cardiovascular
Angiography and Interventions, Society of Cardiovascular Computed Tomography, and Society for
Cardiovascular Magnetic Resonance. J Am Coll Cardiol. 2013 Mar; 61(12):1318–1368. PMID:
23453819

21. Gerlis LM, Wright HM, Wilson N, Erzengin F, Dickinson DF. Left ventricular bands. A normal anatomical
feature. Br Heart J. 1984 Dec; 52(6):641–7. doi: 10.1136/hrt.52.6.641 PMID: 6508964

22. Luetmer PH, EdwardsWD, Seward JB, Tajik AJ. Incidence and distribution of left ventricular false ten-
dons: an autopsy study of 483 normal human hearts. J Am Coll Cardiol. 1986 Jul; 8(1):179–83. doi: 10.
1016/S0735-1097(86)80110-3 PMID: 3711514

23. Boyd MT, Seward JB, Jamil Tajik A, EdwardsWD. Frequency and location of prominent left ventricular
trabeculations at autopsy in 474 normal human hearts: Implications for evaluation of mural thrombi by
two-dimensional echocardiography. J Am Coll Cardiol. 1987 Feb; 9(2):323–326. doi: 10.1016/S0735-
1097(87)80383-2 PMID: 3805522

24. Grzybiak M, Lotkowski D, KozÅ?owski D. False tendons in the left ventricle of the heart in humans dur-
ing pre- and postnatal periods. Folia Morphol (Warsz). 1996 Jan; 55(2):89–99.

Protective Role of False Tendon in Subjects with Bundle Branch Block

PLOS ONE | DOI:10.1371/journal.pone.0146477 January 14, 2016 20 / 23

http://dx.doi.org/10.1016/0735-1097(88)90453-6
http://dx.doi.org/10.1016/0735-1097(88)90453-6
http://dx.doi.org/10.4250/jcu.2012.20.2.97
http://dx.doi.org/10.4250/jcu.2012.20.2.97
http://www.ncbi.nlm.nih.gov/pubmed/22787527
http://dx.doi.org/10.1111/j.1540-8159.2011.03160.x
http://dx.doi.org/10.1111/j.1540-8159.2011.03160.x
http://www.ncbi.nlm.nih.gov/pubmed/21671957
http://dx.doi.org/10.1111/j.1540-8167.2009.01621.x
http://www.ncbi.nlm.nih.gov/pubmed/19817930
http://dx.doi.org/10.1136/hrt.71.2.187
http://www.ncbi.nlm.nih.gov/pubmed/8130030
http://dx.doi.org/10.1186/1476-7120-7-13
http://www.ncbi.nlm.nih.gov/pubmed/19317911
http://dx.doi.org/10.1007/s002469900223
http://www.ncbi.nlm.nih.gov/pubmed/9326691
http://dx.doi.org/10.1016/j.pedneo.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22036224
http://dx.doi.org/10.1016/j.joa.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26336551
http://dx.doi.org/10.1093/ehjci/jes062
http://dx.doi.org/10.1002/ca.20968
http://www.ncbi.nlm.nih.gov/pubmed/20235167
http://dx.doi.org/10.1016/j.ijcard.2012.05.024
http://dx.doi.org/10.1016/j.amjcard.2013.04.040
http://dx.doi.org/10.1093/eurheartj/eht150
http://www.ncbi.nlm.nih.gov/pubmed/23801822
http://www.ncbi.nlm.nih.gov/pubmed/23453819
http://dx.doi.org/10.1136/hrt.52.6.641
http://www.ncbi.nlm.nih.gov/pubmed/6508964
http://dx.doi.org/10.1016/S0735-1097(86)80110-3
http://dx.doi.org/10.1016/S0735-1097(86)80110-3
http://www.ncbi.nlm.nih.gov/pubmed/3711514
http://dx.doi.org/10.1016/S0735-1097(87)80383-2
http://dx.doi.org/10.1016/S0735-1097(87)80383-2
http://www.ncbi.nlm.nih.gov/pubmed/3805522


25. Okamoto M, Nagata S, Park YD, Masuda Y, Beppu S, Yutani C, et al. [Visualization of the false tendon
in the left ventricle with echocardiography and its clinical significance (author’s transl)]. J Cardiogr.
1981 Mar; 11(1):265–70. PMID: 7021703

26. Nishimura T, Kondo M, Shimada T, Shimono Y, Mukohyama N. [Echocardiographic features of false
tendons: with special reference to phonocardiographic significance (author’s transl)]. J Cardiogr. 1981
Mar; 11(1):253–63. PMID: 7021702

27. Perry LW, Ruckman RN, Shapiro SR, Kuehl KS, Galioto FM, Scott LP. Left ventricular false tendons in
children: prevalence as detected by 2-dimensional echocardiography and clinical significance. Am J
Cardiol. 1983 Dec; 52(10):1264–6. doi: 10.1016/0002-9149(83)90584-2 PMID: 6650414

28. Sethuraman KR, Sriram R, Balachandar J. Left ventricular false tendons: echocardiographic incidence
in India and clinical importance. Int J Cardiol. 1984 Sep; 6(3):385–7. doi: 10.1016/0167-5273(84)
90201-8

29. Brenner JI, Baker K, Ringel RE, Berman MA. Echocardiographic evidence of left ventricular bands in
infants and children. J Am Coll Cardiol. 1984 Jun; 3(6):1515–20. doi: 10.1016/S0735-1097(84)80291-0
PMID: 6715709

30. Vered Z, Meltzer RS, Benjamin P, Motro M, Neufeld HN. Prevalence and significance of false tendons
in the left ventricle as determined by echocardiography. Am J Cardiol. 1984 Jan; 53(2):330–2. doi: 10.
1016/0002-9149(84)90450-8 PMID: 6695732

31. Malouf J, Gharzuddine W, Kutayli F. A reappraisal of the prevalence and clinical importance of left ven-
tricular false tendons in children and adults. Br Heart J. 1986 Jun; 55(6):587–91. doi: 10.1136/hrt.55.6.
587 PMID: 3718798

32. Casta A, Wolf WJ. Left ventricular bands (false tendons): echocardiographic and angiocardiographic
delineation in children. Am Heart J. 1986 Feb; 111(2):321–4. doi: 10.1016/0002-8703(86)90147-X
PMID: 3946176

33. Cangelosi MM, Leggio F, Gaudio M, Strollo G, Martinez MR, Saponaro A. [The incidence and clinical
significance of the echocardiographic finding of false chordae tendineae]. Ann Ital Med Int. 1992 Apr-
Jun; 7(2):102–5. PMID: 1467123

34. Cocchieri M, Bardelli G. [False chordae tendineae]. Minerva Cardioangiol. 1992 Oct; 40(10):353–8.

35. Liu Y, Mi N, Zhou Y, An P, Bai Y, Guo Y, et al. Transverse False Tendons in the Left Ventricular Cavity
Are Associated with Early Repolarization. PLoS ONE. 2015 05; 10(5):e0125173. doi: 10.1371/journal.
pone.0125173 PMID: 25933440

36. Sachse F, Steadman B, B Bridge J, Punske B, Taccardi B. Conduction velocity in myocardium modu-
lated by strain: Measurement instrumentation and initial results. Conf Proc IEEE Eng Med Biol Soc.
2004;p. 3593–3596. PMID: 17271068

37. Vigmond EJ, Clements C. Construction of a computer model to investigate sawtooth effects in the Pur-
kinje system. IEEE Trans Biomed Eng. 2007 Mar; 54(3):389–99. doi: 10.1109/TBME.2006.888817
PMID: 17355050

38. Bordas R, Gillow K, Lou Q, Efimov IR, Gavaghan D, Kohl P, et al. Rabbit-Specific Ventricular Model of
Cardiac Electrophysiological Function including Specialized Conduction System. Prog Biophys Mol
Biol. 2011 Oct; 107(1):90–100. doi: 10.1016/j.pbiomolbio.2011.05.002 PMID: 21672547

39. Cherry EM, Fenton FH. Contribution of the Purkinje network to wave propagation in the canine ventri-
cle: insights from a combined electrophysiological-anatomical model. Nonlinear Dyn. 2012 May; 68
(3):365–379. doi: 10.1007/s11071-011-0221-1

40. Okada J, Sasaki T, Washio T, Yamashita H, Kariya T, Imai Y, et al. Patient specific simulation of body
surface ECG using the finite element method. Pacing Clin Electrophysiol. 2013; 36(3):309–321. doi:
10.1111/pace.12057 PMID: 23461560

41. Hoogendoorn C, Duchateau N, Sánchez-Quintana D, Whitmarsh T, Sukno FM, De Craene M, et al. A
high-resolution atlas and statistical model of the human heart frommultislice CT. IEEE Trans Med
Imaging. 2013 Jan; 32(1):28–44. doi: 10.1109/TMI.2012.2230015

42. Cootes TF, Taylor CJ, Cooper DH, Graham J. Active Shape Models-Their Training and Application.
Comput Vis Image Underst. 1995 Jan; 61(1):38–59. doi: 10.1006/cviu.1995.1004

43. Gao M, Chen C, Zhang S, Qian Z, Metaxas D, Axel L. Segmenting the Papillary Muscles and the Tra-
beculae from High Resolution Cardiac CT through Restoration of Topological Handles. In: Gee J, Joshi
S, Pohl K, Wells W, Zöllei L, editors. Information Processing in Medical Imaging. vol. 7917 of Lecture
Notes in Computer Science. Springer Berlin Heidelberg; 2013. p. 184–195.

44. Hosapatna M, Souza AD, M AD, Ankolekar VH, Souza ASD. Morphology of Papillary Muscles in
Human Adults: A Cadaveric Study. Ibnosina Journal of Medicine and Biomedical Sciences. 2014 Jul; 6
(4):168–172.

Protective Role of False Tendon in Subjects with Bundle Branch Block

PLOS ONE | DOI:10.1371/journal.pone.0146477 January 14, 2016 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/7021703
http://www.ncbi.nlm.nih.gov/pubmed/7021702
http://dx.doi.org/10.1016/0002-9149(83)90584-2
http://www.ncbi.nlm.nih.gov/pubmed/6650414
http://dx.doi.org/10.1016/0167-5273(84)90201-8
http://dx.doi.org/10.1016/0167-5273(84)90201-8
http://dx.doi.org/10.1016/S0735-1097(84)80291-0
http://www.ncbi.nlm.nih.gov/pubmed/6715709
http://dx.doi.org/10.1016/0002-9149(84)90450-8
http://dx.doi.org/10.1016/0002-9149(84)90450-8
http://www.ncbi.nlm.nih.gov/pubmed/6695732
http://dx.doi.org/10.1136/hrt.55.6.587
http://dx.doi.org/10.1136/hrt.55.6.587
http://www.ncbi.nlm.nih.gov/pubmed/3718798
http://dx.doi.org/10.1016/0002-8703(86)90147-X
http://www.ncbi.nlm.nih.gov/pubmed/3946176
http://www.ncbi.nlm.nih.gov/pubmed/1467123
http://dx.doi.org/10.1371/journal.pone.0125173
http://dx.doi.org/10.1371/journal.pone.0125173
http://www.ncbi.nlm.nih.gov/pubmed/25933440
http://www.ncbi.nlm.nih.gov/pubmed/17271068
http://dx.doi.org/10.1109/TBME.2006.888817
http://www.ncbi.nlm.nih.gov/pubmed/17355050
http://dx.doi.org/10.1016/j.pbiomolbio.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21672547
http://dx.doi.org/10.1007/s11071-011-0221-1
http://dx.doi.org/10.1111/pace.12057
http://www.ncbi.nlm.nih.gov/pubmed/23461560
http://dx.doi.org/10.1109/TMI.2012.2230015
http://dx.doi.org/10.1006/cviu.1995.1004


45. Ozbag D, Gumusalan Y, Demirant A. The comparative investigation of morphology of papillary muscles
of left ventricle in different species. Int J Clin Pract. 2005 May; 59(5):529–36. doi: 10.1111/j.1742-1241.
2004.00345.x PMID: 15857348

46. Aktas EO, Govsa F, Kocak A, Boydak B, Yavuz IC. Variations in the papillary muscles of normal tricus-
pid valve and their clinical relevance in medicolegal autopsies. Saudi Med J. 2004 Sep; 25(9):1176–85.
PMID: 15448762

47. Estes EH, Dalton FM, Mark LE, Ii HBD. The anatomy and blood supply of the papillary muscles of the
left ventricle. Am Heart J. 1966 Mar; 71(3):356–62. doi: 10.1016/0002-8703(66)90475-3 PMID:
5905450

48. Nigri GR, Di Dio LJ, Baptista Ca. Papillary muscles and tendinous cords of the right ventricle of the
human heart: morphological characteristics. Surg Radiol Anat. 2001 Jan; 23(1):45–9. doi: 10.1007/
s00276-001-0045-7 PMID: 11370142

49. Clements CJ, Vigmond EJ. Construction of a Cardiac Conduction System Subject to Extracellular Stim-
ulation. In: Conf Proc IEEE Eng Med Biol Soc. IEEE; 2005. p. 4235–4238.

50. Ijiri T, Ashihara T, Yamaguchi T, Takayama K, Igarashi T, Shimada T, et al. A procedural method for
modeling the purkinje fibers of the heart. J Physiol Sci. 2008 Dec; 58(7):481–6. doi: 10.2170/physiolsci.
RP003208 PMID: 18926006

51. Sebastian R, Zimmerman V, Romero D, Sanchez-Quintana D, Frangi AF. Characterization and model-
ing of the peripheral cardiac conduction system. IEEE Trans Med Imaging. 2013 Jan; 32(1):45–55. doi:
10.1109/TMI.2012.2221474 PMID: 23047864

52. Tusscher KHWJT, Panfilov AV. Modelling of the ventricular conduction system. Prog Biophys Mol Biol.
2008 Jan-Apr; 96(1–3):152–170. doi: 10.1016/j.pbiomolbio.2007.07.026 PMID: 17910889

53. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, LaskeyWK, et al. Standardized myocar-
dial segmentation and nomenclature for tomographic imaging of the heart. A statement for healthcare
professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the Ameri-
can Heart Association. Int J Cardiovasc Imaging. 2002 Feb; 18(1):539–42. PMID: 12135124

54. Ansari A, Ho SY, Anderson RH. Distribution of the Purkinje fibres in the sheep heart. Anat Rec. 1999
Jan; 254(1):92–7. doi: 10.1002/(SICI)1097-0185(19990101)254:1%3C92::AID-AR12%3E3.0.CO;2-3
PMID: 9892422

55. Kucuk U, Demirkol S, Celik T, Balta S, Yokusoglu M. Three-dimensional echocardiographic imaging of
biventricular false tendons mimicking hypertrophic cardiomyopathy. Echocardiography. 2012 Aug; 29
(7):E178–9. doi: 10.1111/j.1540-8175.2012.01692.x

56. Colli Franzone P, Guerri L, Pennacchio M, Taccardi B. Spreading excitation in 3-d models of the aniso-
tropic cardiac tissue, II. Effects of the fiber architecture and ventricular geometry. Math Biosci. 1998
Jan; 2(147):131–171. doi: 10.1016/S0025-5564(97)00093-X

57. Sermesant M, Konukog*u E, Delingette H, Coudière Y, Chinchapatnam P, Rhode K, et al. An Aniso-
tropic Multi-front Fast Marching Method for Real-Time Simulation of Cardiac Electrophysiology. In:
Sachse F, Seemann G, editors. Functional Imaging and Modeling of the Heart. vol. 4466 of Lecture
Notes in Computer Science. Springer Berlin Heidelberg; 2007. p. 160–169.

58. Pashaei A, Romero D, Sebastian R, Camara O, Frangi AF. Comparison of phenomenological and bio-
physical cardiac models coupled with heterogenous structures for prediction of electrical activation
sequence. In: Computing in Cardiology, 2010; 2010. p. 871–874.

59. Keener J, Sneyd J. Mathematical Physiology I: Cellular Physiology. vol. 8/1 of Interdisciplinary Applied
Mathematics. 2nd ed. New York, NY: Springer New York; 2009.

60. Colli Franzone P, Pavarino LF. A parallel solver for reaction-diffusion systems in computational electro-
cardiology. Math Models Methods Appl Sci. 2004 Jun; 14(06):883–911. doi: 10.1142/
S0218202504003489

61. Niederer Sa, Kerfoot E, Benson AP, Bernabeu MO, Bernus O, Bradley C, et al. Verification of cardiac
tissue electrophysiology simulators using an N-version benchmark. Philos Trans A Math Phys Eng Sci.
2011 Nov; 369(1954):4331–51. doi: 10.1098/rsta.2011.0139 PMID: 21969679

62. Clayton RH, Bernus O, Cherry EM, Dierckx H, Fenton FH, Mirabella L, et al. Models of cardiac tissue
electrophysiology: Progress, challenges and open questions. Prog Biophys Mol Biol. 2011; 104(1-
3):22–48. doi: 10.1016/j.pbiomolbio.2010.05.008 PMID: 20553746

63. Bathe KJ. Finite element procedures. 1st ed. Upper Saddle River: Prentice-Hallo; 1996.

64. Pashaei A, Romero D, Sebastian R, Camara O, Frangi AF. Fast multiscale modeling of cardiac electro-
physiology including Purkinje system. IEEE Trans Biomed Eng. 2011 Oct; 58(10):2956–60. doi: 10.
1109/TBME.2011.2162841 PMID: 21791407

65. Streeter DD, Spotnitz HM, Patel DP, Ross J, Sonnenblick EH. Fiber orientation in the canine left ventri-
cle during diastole and systole. Circ Res. 1969 Mar; 24(3):339–47. doi: 10.1161/01.RES.24.3.339

Protective Role of False Tendon in Subjects with Bundle Branch Block

PLOS ONE | DOI:10.1371/journal.pone.0146477 January 14, 2016 22 / 23

http://dx.doi.org/10.1111/j.1742-1241.2004.00345.x
http://dx.doi.org/10.1111/j.1742-1241.2004.00345.x
http://www.ncbi.nlm.nih.gov/pubmed/15857348
http://www.ncbi.nlm.nih.gov/pubmed/15448762
http://dx.doi.org/10.1016/0002-8703(66)90475-3
http://www.ncbi.nlm.nih.gov/pubmed/5905450
http://dx.doi.org/10.1007/s00276-001-0045-7
http://dx.doi.org/10.1007/s00276-001-0045-7
http://www.ncbi.nlm.nih.gov/pubmed/11370142
http://dx.doi.org/10.2170/physiolsci.RP003208
http://dx.doi.org/10.2170/physiolsci.RP003208
http://www.ncbi.nlm.nih.gov/pubmed/18926006
http://dx.doi.org/10.1109/TMI.2012.2221474
http://www.ncbi.nlm.nih.gov/pubmed/23047864
http://dx.doi.org/10.1016/j.pbiomolbio.2007.07.026
http://www.ncbi.nlm.nih.gov/pubmed/17910889
http://www.ncbi.nlm.nih.gov/pubmed/12135124
http://dx.doi.org/10.1002/(SICI)1097-0185(19990101)254:1%3C92::AID-AR12%3E3.0.CO;2-3
http://www.ncbi.nlm.nih.gov/pubmed/9892422
http://dx.doi.org/10.1111/j.1540-8175.2012.01692.x
http://dx.doi.org/10.1016/S0025-5564(97)00093-X
http://dx.doi.org/10.1142/S0218202504003489
http://dx.doi.org/10.1142/S0218202504003489
http://dx.doi.org/10.1098/rsta.2011.0139
http://www.ncbi.nlm.nih.gov/pubmed/21969679
http://dx.doi.org/10.1016/j.pbiomolbio.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20553746
http://dx.doi.org/10.1109/TBME.2011.2162841
http://dx.doi.org/10.1109/TBME.2011.2162841
http://www.ncbi.nlm.nih.gov/pubmed/21791407
http://dx.doi.org/10.1161/01.RES.24.3.339


66. GreenbaumRA, Ho SY, Gibson DG, Becker AE, Anderson RH. Left ventricular fibre architecture in
man. Br Heart J. 1981 Mar; 45(3):248–63. doi: 10.1136/hrt.45.3.248 PMID: 7008815

67. Veenstra RD, Joyner RW, Rawling DA. Purkinje and ventricular activation sequences of canine papil-
lary muscle. Effects of quinidine and calcium on the Purkinje-ventricular conduction delay. Circ Res.
1984 May; 54(5):500–515. doi: 10.1161/01.RES.54.5.500 PMID: 6722999

68. Wiedmann RT, Tan RC, Joyner RW. Discontinuous conduction at Purkinje-ventricular muscle junction.
Am J Physiol. 1996; 271(4):H1507–H1516. PMID: 8897946

69. Rawling DA, Joyner RW. Purkinje and Ventricular Muscle Cells of Canine. Ventricular Subendocar-
dium. Circ Res. 1987; 60(4):580–585. doi: 10.1161/01.RES.60.4.580 PMID: 3594741

70. Krishnamoorthi S, Perotti LE, Borgstrom NP, Ajijola OA, Frid A, Ponnaluri AV, et al. Simulation Methods
and Validation Criteria for Modeling Cardiac Ventricular Electrophysiology. PLoS One. 2014 Dec; 9
(12):e114494. doi: 10.1371/journal.pone.0114494

71. Malmivuo J, Plonsey R. Bioelectromagnetism: Principles and Applications of Bioletric and Biomagnetic
Fields. New York: Oxford University Press; 1995.

72. Remme E, Young AA, Augenstein KF, Cowan B, Hunter PJ. Extraction and quantification of left ventric-
ular deformation modes. IEEE Trans Biomed Eng. 2004; 51(11):1923–1931. doi: 10.1109/TBME.2004.
834283

Protective Role of False Tendon in Subjects with Bundle Branch Block

PLOS ONE | DOI:10.1371/journal.pone.0146477 January 14, 2016 23 / 23

http://dx.doi.org/10.1136/hrt.45.3.248
http://www.ncbi.nlm.nih.gov/pubmed/7008815
http://dx.doi.org/10.1161/01.RES.54.5.500
http://www.ncbi.nlm.nih.gov/pubmed/6722999
http://www.ncbi.nlm.nih.gov/pubmed/8897946
http://dx.doi.org/10.1161/01.RES.60.4.580
http://www.ncbi.nlm.nih.gov/pubmed/3594741
http://dx.doi.org/10.1371/journal.pone.0114494
http://dx.doi.org/10.1109/TBME.2004.834283
http://dx.doi.org/10.1109/TBME.2004.834283

