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Abstract

Rule-based methods are often used for assigning fiber orientation to cardiac anatomical models. However, existing

methods have been developed using data mostly from the left ventricle. As a consequence, fiber information obtained

from rule-based methods often does not match histological data in other areas of the heart such as the right ventricle,

having a negative impact in cardiac simulations beyond the left ventricle. In this work, we present a rule-based method

where fiber orientation is separately modeled in each ventricle following observations from histology. This allows to

create detailed fiber orientation in specific regions such as the endocardium of the right ventricle, the interventricular

septum and the outflow tracts. We also carried out electrophysiological simulations involving these structures and

with different fiber configurations. In particular, we built a modelling pipeline for creating patient-specific volumetric

meshes of biventricular geometries, including the outflow tracts, and subsequently simulate the electrical wavefront

propagation in outflow tract ventricular arrhythmias with different origins for the ectopic focus. The resulting simula-

tions with the proposed rule-based method showed a very good agreement with clinical parameters such as the 10 ms

isochrone ratio in a cohort of nine patients suffering from this type of arrhythmia. The developed modelling pipeline

confirms its potential for an in silico identification of the site of origin in outflow tract ventricular arrhythmias before

clinical intervention.

Keywords: Rule-based method, Fiber orientation, Outflow tract, Septum, Electrophysiological simulations, Outflow

tract ventricular arrhythmia

1. Introduction

Personalized electrophysiological simulations have

shown promising results to support clinical decisions

in cardiology [1, 2]. One important factor that af-

fects these simulations is how myocardial fiber orien-

tation is established in the heart model. As described

in previous works [3, 4, 5, 6, 7, 8, 9], cardiomyocyte

orientation determines the preferential electrical wave

propagation and tissue contraction in the heart. There-

fore, a proper orientation of the myofibers (aggregations

of cardiomyocytes) is needed to obtain valid and ac-

curate simulation results. However, determination of

the 3D architecture of myofibers has been a challenge
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for anatomists among centuries. Only in the last 30

years, due to recent advances in microscopy and medi-

cal imaging, fully detailed descriptions have been ob-

tained [10, 11, 12, 13, 14, 15]. Imaging techniques

such as diffusion tensor magnetic resonance imaging

(DT-MRI), micro-CT or X-ray phase-contrast imag-

ing, make possible to acquire information about my-

ofiber distribution. Unfortunately, most of these imag-

ing techniques can only be applied on ex-vivo speci-

mens since they need long acquisition and reconstruc-

tion times to collect accurate myofiber information. Re-

searchers are currently developing in vivo DT-MRI se-

quences [16, 17, 18], showing very promising results.

Yet these advanced imaging techniques cannot easily be

applied to patients nowadays and are still limited to a

reduced number of 2D slices followed by 3D interpola-
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tion techniques, providing coarse spatial resolution and

low signal-to-noise ratios.

Due to the difficulties to acquire patient-specific data,

there are two main options for incorporating myofiber

orientation into 3D computational models of the heart:

fitting of a map of fibers extracted from ex-vivo data;

or using rule-based methods (RBM). Fitting of fiber

maps can be achieved using atlas-based methods, which

warp a template or an average atlas of fibers obtained

by imaging techniques into a new heart geometry [19,

20, 21] or using statistics-based predictive techniques

for assigning the fibers [22]. However, these meth-

ods require complex registration algorithms to estab-

lish correspondences between different heart geometries

and are highly dependent on the quality of the origi-

nal data. The second option involves rule-based meth-

ods. RBMs are based on mathematical descriptions of

myofiber data acquired from experimental observations

and have become the most common strategy to incorpo-

rate fiber information in cardiac computational models.

Since the study by Streeter [23], where fiber orientation

was studied in canine hearts, a high number of RBMs

have been developed and used by the scientific commu-

nity due to their relatively easy adaptation to any geo-

metrical model [24, 25, 26, 27].

The two described strategies have the common issue

of being mainly focused on the left ventricle (LV). This

is due to the complexity of obtaining accurate data of

the right ventricle (RV), especially on fiber orientation.

For instance, according to histological data, fiber ori-

entation in the RV sub-endocardium has a longitudinal

direction from apex towards pulmonary and tricuspid

valves, as illustrated in Figure 1, which is not the case

in LV-based RBM. The outflow tract (OT) of the ventri-

cles is a structure that plays a key role in some patholo-

gies like outflow tract ventricular arrhythmia (OTVA).

It has a particular fiber configuration with longitudinal

and circumferential directions in the sub-endocardium

and sub-epicardium, respectively. Unfortunately, most

biventricular computational models include an artificial

basal plane well below the valves rather than a complete

biventricular geometry, thus not including the outflow

tracts.

To overcome these issues, we have developed a RBM

that includes specific fiber orientation in different car-

diac regions such as the RV endocardium, the interven-

tricular septum and the outflow tracts, following obser-

vations from histological data. This outflow tract ex-

tended RBM (OT-RBM) allows running in silico sim-

ulations modelling pathologies where these regions are

relevant such as OTVAs and Tetralogy of Fallot, among

others. The OT-RBM processes both ventricles inde-

pendently, which gives more flexibility to generate dif-

ferent fiber configurations. Therefore, septal fiber ori-

entation can also be independently modified, allowing

the study of its discontinuity, which is still under de-

bate [28, 29, 30]. In this work, the introduced RBM is

compared with state-of-the-art fiber generation models

such as the ones based on Streeter observations [23] and

Bayer et al. [25], as well as with DT-MRI data. Addi-

tionally, electrophysiological simulations with fiber ori-

entation provided by the OT-RBM are performed in a set

of nine patient-specific OTVA biventricular geometries.

Simulation results are then compared to clinical obser-

vations from electro-anatomical maps of these patients

for different sites of origin of the ectopic focus.

2. Methods

2.1. General overview

The OT-RBM uses the Laplace-Dirichlet method in-

troduced in the work of Bayer et al. [25] (which is

mainly based on LV fiber observations) to create a new

local coordinate system in each point of the mesh. This

coordinate system allow assigning specific fiber infor-

mation in the RV according to histological data and ex-

tending it to the outflow tracts of both ventricles. Addi-

tionally, the proposed RBM allows, if necessary, sep-

tal fiber discontinuities between the LV and RV. The

whole pipeline to develop the new RBM is summarized

in Figure 2. It starts with the generation of volumet-

ric labelled biventricular meshes, representing cardiac

structures including outflow tracts from both ventricles

up to the valve planes. Subsequently, the Laplace equa-

tion is solved with different boundary conditions to de-

fine the directions (i.e. transmural and longitudinal) re-

quired for the local coordinate system that will guide

fiber assignment at each point of the mesh. The longi-

tudinal direction in both ventricles is defined as a com-

bination of the vector fields resulting from the Laplace

equation between the apex and the two valves. Once the

directions are computed, a local coordinate system is

generated at each point of the mesh. Fiber orientation is

finally estimated for each cardiac structure after finding

the most appropriate angles of the coordinate system to

match histological observations.

2.2. Volumetric labelled mesh generation

Biventricular geometries used in this work were rep-

resented by patient-specific tetrahedral meshes built

from the processing of computed tomography (CT) im-

ages. These images corresponded to nine patients with

idiopathic OTVAs submitted for ablation procedure at
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Figure 1: Histological data of the heart. a) Fiber configuration in the RV sub- endocardium, with longitudinal directions to the pulmonary and

tricuspid valves (dashed blue and yellow lines, respectively). b) Epicardial fiber configuration of both ventricles (top view). The dashed green

line represent circumferential fibers of the OT. c) Apical view of the fiber epicardial layer d) Short axis slice of the heart showing transmural fiber

orientation. ∇Ψbasal: apico-basal direction; ∇ΨOT : apico-OT direction; RVOT: Right Ventricle Outflow Tract; LV: Left Ventricle

Hospital Clı́nic de Barcelona. A MDCT ECG-gated

study was performed on a 128 x 2 -slice CT scanner

(Somatom Definition Flash, Siemens Healthcare, Erlan-

gen, Germany). Images were acquired during an inspi-

ratory breath-hold using retrospective ECG-gating tech-

nique with tube current modulation set between 50%

and 100% of the cardiac cycle. The isotropic spatial

resolution was 0.4 x 0.4 x 0.4 mm.

The biventricular geometries, including the outflow

tracts and valve planes, were obtained from CT images

using a semi-automatic segmentation procedure with
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Figure 2: Scheme showing the different steps of the OT-RBM. ∇Ψ: longitudinal gradient; ∇Ψbasal: apico-basal gradient; ∇ΨOT : apico-OT gradient;

∇Φ: transmural gradient; êl: longitudinal axis; êt: transmural axis; êc: circumferential axis.

region growing techniques available in the 3DSlicer 1

software. Subsequently, surface meshes were gener-

ated from the obtained binary segmentations applying

the classical Marching Cubes method, which was fol-

lowed by some post-processing steps (e.g. smoothing,

labelling) performed in Blender 2. Finally, tetrahedral

meshes (∼80000 nodes and ∼400000 elements) were

created using the iso2mesh 3 tool.

The next step of the methodology was mesh labelling,

where different cardiac geometrical surfaces were iden-

tified to apply the Dirichlet conditions and construct the

local reference system. These surfaces were the epi-

cardium, the RV and LV endocardial walls, RV and LV

apices and the four heart valves. These regions were

easy to identify in the studied CT images, enabling

the application of the OT-RBM in a wide variety of

heart geometries. Mesh labelling is usually performed

either manually, by tagging surfaces during the seg-

mentation process [31], or using semi-automatic tech-

niques [25, 32]. We used a semi-automatic approach

where the apices and valve position were manually se-

lected in CT images and endocardial and epicardial sur-

faces were automatically identified using ray/triangle

1https://www.slicer.org
2https://www.blender.org
3http://iso2mesh.sourceforge.net

intersection algorithms [33]. Rays were traced from the

normal of every face of the surface mesh and intersec-

tions with other faces were computed. If intersections

were found, the face was classified as endocardium; the

rest were set as epicardium. Figure 2 (Step 1) shows the

resulting mesh labelling for one of the processed biven-

tricular geometries. Each mesh region is identified by a

different color.

2.3. Local coordinate system

Cardiac fibers in finite-element meshes are repre-

sented in each node by an unitary 3D vector that is ori-

ented in the preferential direction of the electrical prop-

agation and mechanical contraction of the myofiber.

Therefore, a local orthonormal coordinate system is

needed to define the myofiber vector in all mesh nodes.

The orthotropic axes of the reference system are the lon-

gitudinal (êl), transmural (êt) and local circumferential

(êc) directions. Transmural and longitudinal directions

can be defined by solving the Laplace equation using

the corresponding surfaces as Dirichlet boundary con-

ditions and computing the gradient of the solution, as

in Bayer et al. [25]. In the OT-RBM these geometri-

cal surfaces were the RV and LV endocardial walls, the

whole bi-ventricular epicardium, the RV and LV apices

and the four cardiac valves (the tricuspid and pulmonary

valves for the RV and the mitral and aortic valves for the
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LV). The local circumferential direction was defined as

the cross product of transmural and longitudinal direc-

tions. Fiber orientation was then obtained by rotating

the obtained vector êc by a given angle α and β to match

histological observations.

Transmural direction (∇Φ) was obtained by solving

the Laplace equation between the endocardium of each

ventricle and the epicardium; subsequently the gradi-

ent of the Laplace solution (Figure 3a) was computed.

Negative and positive values were correspondingly as-

signed to the LV and RV endocardium (Φ = −2 and

Φ = 1, respectively) as Dirichlet boundary conditions.

The epicardium was assigned to a zero value (Φ = 0),

thus allowing a discrimination between the two ventri-

cles: positive and negative values were assigned to the

RV and LV, respectively. These boundary conditions al-

lowed to replicate findings from histological studies that

affirm that two thirds of the septum belong to the LV and

one third to the RV [13, 29, 34, 35]. Laplace equations

and its gradients were solved using Elmer software 4.

The longitudinal direction (∇Ψ) was defined sepa-

rately for each ventricle. This direction was the re-

sult of the weighted sum of the apico-basal (∇Ψbasal)

and apico-OT (∇ΨOT ) gradients, defined individually

in both ventricles: ∇Ψbasal considered the apex-mitral

valve and the apex-tricuspid valve directions in the LV

and the RV, respectively; ∇ΨOT followed the apex-aortic

valve and the apex-pulmonary valve directions in the LV

and RV, respectively. These directions were already de-

scribed by Greenbaum et al. [36] and can be visualized

in Figure 1 (dashed lines). The resulting longitudinal

fiber direction for each ventricle was set as follows:

∇Ψ = ∇Ψbasal · w + ∇ΨOT · (1 − w) (1)

The sum of the apico-basal and apico-OT gradients

was weighted by an intra-ventricular interpolation func-

tion w, which was computed in the RV by solving the

Laplace equation between the apex (w = 1), tricuspid

valve (w = 1) and pulmonary valve (w = 0), as shown

in Figure 4. In the LV, the equation was solved involving

the apex (w = 1), the mitral valve (w = 1) and the aortic

valve (w = 0). In this way, we obtained a smooth distri-

bution of values following the cardiac surface allowing

to properly define the OTs and control the smoothness

in fiber changes near the OT in different geometries.

Using the previously calculated gradients (∇Ψ,∇Φ),

the local coordinate system was set up for each mesh

node, which is fully described with the following vec-

4https://www.csc.fi/web/elmer
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   σ 

a. 

b. 

Figure 3: a) Example of a transmural map obtained by solving Laplace

equation. b) Solution of solving the Laplace equation between the

inter-ventricular septal surface and the RV and LV endocardium

tors:

êl =
∇Ψ

‖ ∇Ψ ‖
êt =

∇Φ − (êl · ∇Φ) êl

‖ ∇Φ − (êl · ∇Φ) êl ‖
êc = êl × êt

(2)

2.3.1. Rotation of local coordinate system to match his-

tological observations

Fiber orientation was finally obtained in every mesh

node by rotating the local coordinate system to better

match histological observations, as follows: 1) Vector êc

was rotated counterclockwise around êt by an angle α;

and 2) subsequently, vector êc was again rotated coun-

terclockwise around êl by a transverse angle β . Note

that the definition of angle α (angle with respect to the

local circumferential direction) is not equivalent to the

α helix angle defined in other histological studies or

RBMs. The main reason is that our longitudinal direc-

tion is not always oriented in the apico-basal direction

5
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Figure 4: Example of intra-ventricular interpolation function w in the

RV. The obtained values will guide the fiber interpolation between the

apico-basal and apico-OT longitudinal directions within the ventricle.

since it also has a component pointing in the apex-OT

direction, which is the predominant one in the OTs. Far

from the OTs, where the apex-OT component is negli-

gible, the longitudinal direction only points towards the

atrioventricular valves and therefore, our angle α and

the helix angle match.

The first rotation was defined in each ventricle as

a counterclockwise rotation of the vector êc around êt

with an angle α:

α = αendo(w) · (1 − d) + αepi(w) · d (3)

where d is the transmural depth normalized from 0 to

1. The different values of αendo and αepi were chosen to

replicate the following observations from several histo-

logical studies [10, 34, 36, 37]:

• Left ventricle (based on Greenbaum’s observations

[36]): αendo(w = 1) = −60◦; αepi(w = 1) = 60◦

• Right ventricle (based on Greenbaum [36], Ho [37]

and Sanchez-Quintana [34]): αendo(w = 1) = 90◦

(same as longitudinal direction); αepi(w = 1) =

−25◦

• Outflow tracts (based on Sanchez-Quintana [34]):

αepi(w = 0) = 0◦ (circumferential direction);

αendo(w = 0) = 90◦ (longitudinal direction)

The expression for the transverse angle, β, was the

following:

β = βendo(w) · (1 − d) + βepi(w) · d (4)

Values of the transverse angle were derived from several

studies [36, 38, 39] as follows:

• Left ventricle:

βendo(w = 1) = −20◦ and βepi(w = 1) = 20◦

• Right ventricle:

βendo(w = 1) = 0◦ and βepi(w = 1) = 20◦

• Outflow tracts:

βendo(w = 0) = 0◦ and βepi(w = 0) = 0◦

2.3.2. Septal configuration

The OT-RBM allowed to control fiber angles in the

septum, since we previously divided our septal geom-

etry into RV and LV using the transmural direction.

Therefore, the intersection surface between both ven-

tricles (i.e. inter-ventricular septal surface) can be used

to guide the interpolation of fiber angles in the septum.

This is done by solving the Laplace equation between

the inter-ventricular septal surface and the RV and LV

endocardium (Figure 3, b). The obtained values (σ)

were used for forcing a smooth transition in both ventri-

cles from the initial fibers in the septal surface (αseptal).

Hence, the final expression for assigning the fiber angle

in the septum, which could easily be modified to en-

force continuity or a certain angle of discontinuity, was

the following:

α f inal = α · (1 − σ) + αseptal · σ (5)

3. Experimental results

Results of applying the developed method to differ-

ent geometries can be seen in Figure 5. They show a

good agreement with histological data presented in Fig-

ure 1, especially in certain areas: right ventricle outflow

tract (RVOT) fiber orientation (Figure 1a and Figure 5a,

b, d); epicardial fiber configuration (Figure 1b, c and

Figure 5b, c); and the transmural variation in LV fibers

(Figure 1d and Figure 5e). A more exhaustive and quan-

titative evaluation of OT-RBM performance was con-

ducted by means of three experiments, described below.

3.1. Experiments

Three experiments were designed and conducted to

analyze the performance of the proposed RBM. In the

first experiment we estimated the differences between

fiber configurations provided by the OT-RBM and ex-

isting ones in the literature. Magnetic resonance imag-

ing data from an ex-vivo human heart available at the
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Figure 5: Fiber orientation obtained with the OT-RBM for different biventricular geometries and regions of the heart. LV: left ventricle; RV: right

ventricle; RVOT: right ventricular outflow tract.

Johns Hopkins database 5, which also includes fiber in-

formation from DT-MRI was used for this experiment.

Differences were computed as the angle between fibers

in each point of the mesh. Furthermore, mean angle dif-

ferences were evaluated in different regions of the heart,

dividing the LV into the 17 AHA regions according to

the well-known description of Cerqueira et al. [40]. For

the RV, a division in 15 regions based on the model pro-

posed by Zhong et al. [41] was performed.

Since the previous geometry did not include detailed

fiber information in the OTs, we performed a second

experiment where OT fibers are indirectly compared.

This experiment involved running electrophysiological

simulations, including fiber orientation patterns com-

puted with the OT-RBM and the Streeter-based one,

on heart geometries from nine idiopathic OTVA pa-

tients. The simulated electrical propagation waves were

5http://cvrgrid.org/data/ex-vivo

then compared with clinical data from the OTVA pa-

tients, acquired during the ablation procedure at Hospi-

tal Clı́nic de Barcelona, Spain. Clinical data consisted

of electro-anatomical maps acquired by the CARTO

3 system (Biosense Webster, Inc., Diamond Bar, CA,

USA). Early activation sites were manually identified by

clinicians during the intervention. Characteristics of the

isochrones (area, axis ratio) around the earliest activated

point in the RV endocardium were also manually mea-

sured by clinicians after the intervention. Isochronal

characteristics provide useful information to predict the

site of origin (SOO) of the ectopic focus [42, 43]: if the

longitudinal axis of the isochrones follows the apico-

basal axis, the SOO should be in the RVOT (following

the fibers in the OT); while left ventricle outflow tract

(LVOT) origins create more isotropic isochrones or with

a larger perpendicular axis.

Simulations were performed with the SOFA soft-
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Table 1: Clinical ratio (Longitudinal/Perpendicular diameter) of the 10 ms isochrones map area obtained from the simulated OTVAs using different

SOO and RBMs. (RVOT: right ventricle outflow tract; RCC: right coronary cusp; LCC: left coronary cusp; OT-RBM: Outflow Tract extended rule

based method; ST-RBM: Streeter-Based rule based method)

Patient

P1 P2 P3 P4 P5 P6 P7 P8 P9 All

RVOT 2.06 1.59 2.07 2.15 1.81 1.70 1.78 1.99 1.55 1.86±0.22

OT-RBM LVOT-RCC 1.08 0.99 0.62 1.14 1.00 1.23 0.99 1.24 0.84 1.02±0.2

LVOT-LCC 0.46 0.41 0.73 0.56 0.76 0.95 0.79 0.78 0.75 0.74±0.25

ST-RBM

RVOT 0.50 0.43 0.50 0.96 0.58 0.59 0.49 0.50 0.56 0.57±0.16

LVOT-RCC 0.87 0.77 0.42 0.95 1.70 1.31 1.14 1.35 1.08 1.07±0.37

LVOT-LCC 0.70 0.51 0.46 0.44 1.13 1.46 1.01 0.55 0.39 0.74±0.4

Clinical 0.54 (RCC) 0.81 (LCC) 0.73 (RCC) 0.67 (LCC) 0.82 (RCC) 0.64 (RCC) 1.63 (RVOT) 0.71 (RCC) 2.27 (RVOT)

ware 6 using the Mitchell-Schaeffer model [44] in

patient-specific biventricular geometries. The SOO

was placed in different parts of the OTs, including the

one found by the clinicians during the intervention.

Anisotropy conductivity ratio was set 2.5 in order to

produce a higher conduction velocity along the fiber

direction than in the transverse plane. The isochronal

area, i.e. the surface occupied by mesh elements in the

RV endocardium that has been activated at a given time

(10 ms in our case) after the earliest activated point, and

the clinical ratio of the simulated isochrones were cal-

culated in each case following the same protocol than

clinicians when analyzing isochrones from the electro-

anatomical data [42, 43]. The protocol implemented

by the clinicians measures the longitudinal diameter of

the isochronal map area, which was defined by a line

parallel to the septal projection of the RVOT longitudi-

nal axis (perpendicular to the plane of the pulmonary

valve). The defined longitudinal axis specified the per-

pendicular axis of the early activated area (perpendicu-

lar direction of the longitudinal axis).

Finally, in order to demonstrate the influence of fiber

orientation in electrophysiological simulations we car-

ried out a sensitivity analysis by changing RVOT fiber

orientation by different angles and performing simula-

tions from two different SOO (RVOT and right coro-

nary cusp). Resulting isochrones were evaluated and

compared with clinical observations.

3.2. Comparison with other RBM and DT-MRI

Figure 6 shows the comparison of fiber distribu-

tion maps provided by the OT-RBM, the one based on

Streeter (ST-RBM) [45], Bayer et al. [25] (BY-RBM)

and DT-MRI on the ex-vivo human heart from the Johns

Hopkins database. The top row of the figure shows the

fiber configurations provided by the OT-RBM, ST-RBM

and BY-RBM models (a, b, c, respectively). The bottom

row shows the comparison between DT-MRI fibers and

6http://www.sofa-framework.org

the different RBMs: OT-RBM (d), ST-RBM (e) and BY-

RBM (f). Information about the mean angle difference

projected into a 2D visualization of different regions of

the heart is also included in the figure. A quantitative

analysis of these regional average angle differences is

summarized in APPENDIX A. As expected, the main

angle differences (red colors in Figure 6) between our

model and the other RBMs are found in the RV endo-

cardium, where we defined longitudinal directions from

the apex towards the pulmonary and tricuspid valves.

Fibers are more circumferential when generated with

the other RBMs, when compared to histological data in

this region. Low differences were found in the LV, es-

pecially comparing to BY-RBM (<20◦). The compari-

son with BY-RBM also presented low differences in the

free wall of the RV (<15◦). Differences between OT-

RBM and DT-MRI fibers are slightly larger in the LV

(∼30◦) but there is only one region, close to the apex,

with high angle differences (>45◦, region number 16).

The ST-RBM and BY-RBM methods, especially the for-

mer, also present difficulties for generating fibers close

to DT-MRI data in the LV apex (>60◦ and ∼38◦ for ST-

RBM and BY-RBM, respectively).

3.3. Electrophysiological simulations on OTVA biven-

tricular geometries

Isochrone ratios and areas were estimated for the

electrophysiological simulations with RVOT and LVOT

sites of origin using fiber directions computed with the

OT-RBM and the ST-RBM. A quantitative analysis of

isochrone ratios provided by electrophysiological sim-

ulations with the OT-RBM and the ST-RBM with dif-

ferent SOO in nine different patient-specific biventric-

ular geometries is shown in Table 1. It also includes

the SOO identified by the clinician and the manually

measured isochrone ratio during the intervention. For

each origin, mean of isochrone ratios were the following

(mean ± SD): 1.86±0.22 and 0.57±0.16 for RVOT-SOO

using OT-RBM and ST-RBM, respectively; and 0.88 ±

0.3 and 0.9 ± 0.4 for LVOT-SOO, using OT-RBM and

ST-RBM respectively. We can observe than the largest

8
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Figure 6: Top row: Fibers obtained using the OT-RBM (a) and angle differences (in degrees) with the ones obtained using ST-RBM (b) and BY-

RBM (c). Bottom row: Angle differences between DT-MRI human fibers and OT-RBM (d), ST-RBM (e) and BY-RBM (f). Angle differences are

shown in each case in a 3D mesh view and in a AHA plot with regional mean angle differences. For each geometry, name in bold indicates the

represented fibers.

differences correspond to RVOT-SOO, where the OT-

RBM successfully predicted a larger longitudinal direc-

tion than the transversal one, unlike ST-RBM.

The obtained isochrone areas were the following

(mean ± SD): 1.5 ± 0.4 cm2 and 1.4 ± 0.4 cm2 for

RVOT-SOO using OT-RBM and ST-RBM, respectively;

and 5.5 ± 2.3 cm2 and 5.6 ± 2.1 cm2 for LVOT-SOO

using OT-RBM and ST-RBM, respectively. Therefore,

both RBM provided similar results in terms of isochrone

areas, independently of the site of origin.
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Figure 7: Sensitivity analysis results for the simulated right ventricular outflow tract (RVOT) and Right coronary cusp (RCC) origin isochrones and

their corresponding ratios obtained by changing endocardial fiber orientation and running electrophysiological simulations.Yellow arrows indicate

the measured longitudinal direction and green arrows the perpendicular one.

We also evaluated the potential of the OT-RBM as

a tool to predict the SOO in OTVAs. An example

of differences between isochrones obtained in the RV

endocardium around the earliest activated point from

the electrophysiological simulations with different SOO

can be seen in the first column of Figure 7. For LVOT

origin we generated simulations from the right and left

coronary cusps (RCC and LCC, respectively). Substan-

tial differences were found in the isochrone character-

istics depending on the site of origin, mainly a higher

degree of isochronal isotropy with a LVOT origin (RCC

in the figure) than with a RVOT origin, where the longi-

tudinal direction along the fibers is preferential.

We can observe that the OT-RBM contributes to sim-

ulate isochrone ratios well differentiated depending on

the RV or LV site of origin. A dependent t-test be-

tween results in statistically significant differences be-

tween isochrone ratios from RVOT-SOO and RCC-SOO

(p < 0.001) and from RVOT-SOO and LCC-SOO (p <

0.001), but not from RCC-SOO and LCC-SOO. Addi-

tionally, the OT-RBM successfully replicated clinical

findings such as the preferential longitudinal direction

in RVOT origins (isochrone ratios larger than 1.5 in P7

and P9), unlike the Streeter-based one (isochrone ratios

around 0.6 in P7 and P9).

3.4. Sensitivity analysis

A sensitivity analysis was carried out to assess the in-

fluence of RVOT fiber orientation in the simulated RV

isochrones, with different ectopic focus in the RVOT

and LVOT (RCC origin). Fibers were changed as fol-

lows: 90◦ (chosen value in the OT-RBM), 0◦, 45◦ and -

45◦. We also included fiber configurations provided ran-

domly, with ST-RBM and BY-RBM; we extended ST-

RBM and BY-RBM to work in heart geometries with

OT, placing the basal plane boundary condition in the

mitral and tricuspid valves. Figure 7 shows the simu-

lated 10 ms isochrones in the RV and their correspond-

ing clinical isochrone ratio, obtained with the different

fiber configurations. Longitudinal and perpendicular ra-

tios are displayed in yellow and green arrows, respec-

tively. Only simulations guided by OT-RBM gener-

ated fibers were able to replicate the high clinical ratio

(1.78) and correct isochronal orientation obtained with

a RVOT site of origin. The simulated isochrones with a

LVOT-RCC origin did not present large differences with

respect to the chosen fiber configuration.

4. Discussion

The aim of this work was to develop a novel rule-

based method (OT-RBM) for assigning myofiber orien-

tation in heart geometries including specific information

of the RV and OTs. This new method will allow per-

forming in silico studies to better understand and predict

the behaviour of cardiac pathologies where the RV and

OTs have an important role. The developed OT-RBM is

based on myocyte aggregate configuration observed on

histological data. It includes the following novel fea-

tures that were not available before: 1) treatment of

each ventricle separately, which improves the individ-

ual fitting of fiber angles; 2) new definition of longitu-

dinal direction (∇Ψ) based on histological descriptions

[36, 37], which generate a new coordinate system allow-

ing simple angle assignation to different regions of the
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heart; 3) fiber angles specific to the LV, RV, septum and

OTs; and 4) addition of septal interpolation between the

ventricles. These novelties make the OT-RBM flexible

enough to assimilate fiber information from multimodal

imaging (DT-MRI, histology, synchrotron data) and to

work in a wide variety of heart geometries.

The proposed OT-RBM was compared with state-of-

the-art RBMs, namely Streeter-based RBM (ST-RBM)

and Bayer’s RBM (BY-RBM). Differences on fiber con-

figuration provided by the different RBMs can be vi-

sualized in Figure 6. A quantitative regional compari-

son is also provided in Appendix A. As expected, the

largest differences appear mainly near the RVOT, the

RV endocardium and closer to the septum. For in-

stance, ST-RBM and BY-RBM fibers are more circum-

ferential that when generated with the OT-RBM, when

compared to histological data in the RV. Interestingly,

there were small differences (<20◦) observed between

OT-RBM and BY-RBM fiber configurations in the LV.

This suggests that longitudinal directions obtained with

the apex-mitral and apex-aortic valve boundary condi-

tions in OT-RBM are equivalent to the apex-base ones

in BY-RBM in the LV. The LV valve geometrical con-

figuration, where the mitral and aortic valves are quite

close together is probably the main reason for the OT-

RBM and BY-RBM similarities in the LV. Over all the

studied regions OT-RBM fibers were closer to BY-RBM

ones, comparing to ST-RBM results.

The different RBMs were indirectly compared run-

ning electrophysiological simulations involving the out-

flow tracts guided by the different RBM-based fiber

configurations. Results of this comparison can be seen

in Figure 7. One of the major contributions of the

OT-RBM is that it greatly improved OTVA simulations

when compared to clinical observations. The simu-

lated longitudinal/perpendicular clinical ratios of the

isochrones (Table 1 and first column of Figure 7) were

in agreement with measurements made by clinicians

during the intervention [42]. According to this study,

clinical ratios for RVOT isochrones are 1.9±1.2 (n=14)

and 0.79±0.4 (n=23) for LVOT isochrones. The OT-

RBM isochrone clinical ratio for RVOT cases in our

simulation study (1.86±0.22; see Table 1) was very

close to the value measured by electrophysiologists.

This agreement was possible due to the new distribution

of fibers, especially in the RV and OTs, following his-

tological observations. Other RBMs use simpler rules

for generating fibers in these regions, obtaining unreal-

istic fiber configuration and, therefore, incorrect elec-

tric wave propagation and resulting isochrones (a ratio

of 0.57±0.16).

The influence of the fiber orientation in electrophys-

iological simulations was further analyzed in a sen-

sitivity analysis (Figure 7). Isochrones obtained us-

ing the OT-RBM (90◦) were the only ones show-

ing good agreement with clinical observations from

Electro-Anatomical Mapping (EAM) [42, 43]. When

the origin of the arrhythmia is in the RVOT (top row

of Figure 7), the longest axis is in the longitudinal di-

rection of the RVOT, which corresponds to axis ratios

larger than 1.5. By contrast, the remaining fiber con-

figurations showed an isochronal principal direction op-

posite to clinical observations, as observed in Figure 7.

Obtaining simulated isochrones similar to clinical ones

by only following histological observations, while being

blind to any other patient-specific electrophysiological

data, is a strong feature of the proposed method.

Finally, we also compared the RBMs with fibers ob-

tained from DT-MRI data. An ex-vivo human heart

geometry from Johns Hopkins database was used for

the comparison. Unfortunately, fiber orientation data

was only available below a certain basal plane, sub-

stantially below the outflow tracts and the valves, pre-

venting a detailed evaluation of the OT-RBM. Despite

this limitation, the comparison showed relatively small

fiber angle differences in the LV (∼30◦; Figure 6,d), ex-

cept close to the apex, which is a complex region for

all RBMs when compared to DT-MRI data. The small

fiber angle differences between OT-RBM, BY-RBM and

DT-MRI data suggests that they will have a similar be-

havior in simulations involving the LV [1, 46, 47]. In

the RV, differences to DT-MRI fibers obtained with the

OT-RBM are slightly lower than the ones obtained with

other RBMs, especially in the septum, which has high

relevance in the OTVAs. It is important to highlight that

the OT-RBM is not designed to strictly follow DT-MRI

data (neither in the LV nor in the RV), but guided by

histology-derived information. As can be seen in his-

tological pictures shown in Figure 1, fibers in the RV

endocardium and the OTs present a different orientation

compared to those obtained by DT-MRI. The OT-RBM

has been parameterized to match as much as possible

fiber orientation observed in histological data and based

on cardiac anatomist observations; by design, RV and

OT fiber configuration from our RBM will necessar-

ily differ from DT-MRI. Therefore, we cannot consider

fiber angle differences between them as a conclusive in-

dex to assess the accuracy of the OT-RBM

Another major outcome of our study is the im-

proved realism of OTVA electrophysiological simula-

tions when guided by OT-RBM fiber configurations

since it could support electrophysiologists in the pre-

diction of the SOO in OTVA patients. Frequently,

LVOT vs RVOT prediction of SOO in OTVAs is a
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challenging task for electrophysiologists, especially in

difficult cases where the LVOT and RVOT geometries

are spatially close and their electrophysiological signals

from the electrocardiogram cannot be distinguished.

Several works [42, 43, 48, 49] proposed several in-

dices to predict the SOO of ectopic focus and then re-

duce the time of and improve the success rate of in-

terventions. Using OT-RBM based electrophysiologi-

cal simulations on patient-specific geometries, we have

been able to differentiate the SOO by measuring the

longitudinal/perpendicular clinical ratio of the 10 ms

isochrones. According to Table 1 there are statistical

significant differences between RVOT and LVOT (LCC

or RCC) origin isochrone ratios. Isochronal areas can

also be used to predict the SOO in simulations (larger in

LVOT cases) but cannot be consistently be measured in

clinical routine. The previous findings show the poten-

tial of our modelling pipeline to be used as an additional

pre-operative source of information to the clinician to

predict the site of origin of ectopic foci.

One of the main limitations of the method is the ab-

sence of quantitative 3D fiber information from imag-

ing data in the RV and in the OTs. We developed our

method being guided by findings in histological stud-

ies from 2D pictures of ex-vivo specimens and follow-

ing recommendations from anatomists involved in this

work. It would be desirable to compare our results

with data obtained from advanced imaging techniques

such as micro-CT or X-ray phase-contrast imaging, es-

pecially from the RV and OTs, which is rarely available

in the literature. In this work we also compared our re-

sults with ex-vivo cardiac DT-MRI. This technique pro-

vides information related to myofiber orientation, but

it cannot be considered as ground-truth since measure-

ments are quite noisy, show poor signal-to-noise ratio

and change under gradient calibration and temperature

variation [50]. In addition, smoothing and interpolation

techniques required to reconstruct tensor data from car-

diac DT-MRI do not allow capturing myofiber orienta-

tion changes in very heterogeneous areas. Unlike in the

LV, where DT-MRI may provide a good approximation

of myofibers in most areas, this is particularly critical

in thin structures of the heart such as the outflow tracts

and the RV. Another limitation of the developed RBM

is the smoothness of the resulting fiber orientation dis-

tributions, which is inherent to RBM. Unlike the vari-

ability found in histological data, RBM tend to generate

idealistic fiber orientation, in part due to the use of too

smooth biventricular geometries (e.g. without trabecu-

lae). Finally, the definition of the longitudinal direction

in some points of the boundary surfaces can affect the

fiber orientation. Due to the definition of the boundary,

the gradient in these points is zero, thus obtaining an in-

correct fiber orientation (an example can be seen in Fig-

ure 6, where apical regions have a slightly higher angle

difference in all cases). However, this problem can be

minimized by reducing the number of points taken as

boundaries and applying interpolation with the closest

neighbors.

5. Conclusion

We have presented a RBM that includes fiber infor-

mation specific to the RV, interventricular septum and

both OT of the ventricles, to replicate histological ob-

servations. The proposed model facilitates the use of

electrophysiological simulations in applications when

these regions are important such as in OTVA patients,

which was not possible before. The method has been in-

directly validated comparing the results of electrophysi-

ological simulations using fiber orientation provided by

the proposed RBM with clinical observations in OTVA

patients. These obtained results showed a very good

agreement with clinical observations, demonstrating the

potential of the developed modelling pipeline as a tool

for the prediction of the site of origin of the ectopic fo-

cus in this type of arrhythmias. Further work will be

focused on the application of this pipeline to a larger

clinical database and in the adaptation of the developed

RBM to high-resolution fiber information provided by

X-ray phase-contrast imaging data.
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Appendix A. Quantitative analysis of fiber differences
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Figure A.8: 2D plot of the biventricular geometry divided in 32 regions

Table A.2: Quantitative comparison of the angle differences presented in Figure 6 (b-f). Mean angle difference and standard deviation are presented

for each region described in Figure 6 (a)

.
angle ± sd (◦)

Region ST-RBM vs OT-RBM BY-RBM vs OT-RBM DTI vs OT-RBM DTI vs ST-RBM DTI vs BY-RBM

1 23,0 ± 14,0 19,8 ± 12,9 26,6 ± 16,0 23,0 ± 15,0 16,3 ± 12,8

2 26,4 ± 18,6 18,3 ± 19,5 25,5 ± 14,8 32,9 ± 17,3 25,3 ± 15,4

3 31,6 ± 19,8 23,0 ± 24,5 22,0 ± 19,2 31,5 ± 17,9 17,0 ± 15,1

4 21,5 ± 12,2 15,3 ± 14,3 29,1 ± 13,4 25,8 ± 13,3 20,6 ± 14,0

5 28,6 ± 10,8 17,3 ± 14,4 29,5 ± 14,8 26,2 ± 10,8 19,6 ± 11,7

6 28,8 ± 11,1 18,8 ± 14,1 25,1 ± 12,2 20,0 ± 11,2 15,0 ± 10,9

7 39,0 ± 10,0 18,5 ± 10,0 33,1 ± 16,5 33,9 ± 10,0 17,6 ± 14,3

8 43,3 ± 16,8 23,4 ± 18,5 40,8 ± 17,3 37,5 ± 12,6 26,6 ± 14,6

9 38,8 ± 13,6 12,5 ± 12,1 32,7 ± 21,1 44,2 ± 13,0 28,5 ± 22,5

10 39,5 ± 12,7 11,0 ± 7,1 22,9 ± 15,2 41,4 ± 8,3 17,9 ± 17,1

11 48,9 ± 12,2 11,1 ± 7,8 27,2 ± 15,0 46,2 ± 9,1 18,7 ± 12,3

12 46,0 ± 11,3 14,1 ± 10,2 25,2 ± 12,9 43,9 ± 10,8 14,2 ± 10,5

13 57,6 ± 11,1 16,0 ± 9,5 44,3 ± 22,1 57,6 ± 13,8 30,3 ± 16,9

14 58,7 ± 14,7 27,7 ± 18,3 36,4 ± 20,2 55,4 ± 12,1 28,2 ± 20,1

15 59,9 ± 11,9 14,4 ± 10,8 30,5 ± 20,6 56,7 ± 7,8 23,1 ± 17,4

16 69,6 ± 10,4 13,3 ± 10,9 46,7 ± 21,4 66,5 ± 9,0 36,8 ± 16,1

17 72,5 ± 10,1 28,7 ± 24,0 33,5 ± 20,8 62,6 ± 10,4 39,1 ± 22,8

18 15,9 ± 8,1 12,5 ± 8,4 13,4 ± 10,6 16,0 ± 8,3 14,6 ± 8,8

19 15,1 ± 5,5 15,1 ± 11,7 21,6 ± 14,0 20,0 ± 11,6 16,9 ± 13,2

20 23,6 ± 7,4 33,0 ± 13,3 19,7 ± 18,3 29,5 ± 14,6 34,5 ± 16,5

21 41,2 ± 16,0 43,4 ± 22,9 36,4 ± 25,3 43,6 ± 17,9 42,7 ± 23,7

22 45,7 ± 25,6 44,6 ± 29,2 27,4 ± 17,2 28,8 ± 13,8 23,3 ± 14,0

23 20,4 ± 6,5 13,0 ± 6,4 24,8 ± 13,8 21,6 ± 13,6 24,9 ± 16,3

24 23,4 ± 5,3 13,0 ± 9,5 25,1 ± 16,3 26,9 ± 11,6 21,0 ± 13,6

25 29,0 ± 8,2 34,8 ± 15,2 21,2 ± 11,5 34,6 ± 7,7 35,3 ± 12,3

26 52,9 ± 17,2 51,9 ± 26,0 38,3 ± 25,0 47,0 ± 13,2 47,3 ± 21,3

27 45,3 ± 26,5 39,4 ± 28,5 40,4 ± 17,7 28,7 ± 15,9 34,0 ± 21,2

28 39,1 ± 15,1 22,2 ± 17,1 37,3 ± 20,5 34,7 ± 13,9 28,0 ± 14,1

29 52,0 ± 18,9 42,1 ± 27,6 48,0 ± 25,0 35,1 ± 7,4 25,5 ± 11,3

30 56,0 ± 21,3 40,8 ± 26,0 47,6 ± 22,9 42,0 ± 19,3 48,3 ± 21,4

31 31,9 ± 20,6 31,5 ± 21,2 23,4 ± 19,7 28,0 ± 20,8 24,5 ± 19,8

32 28,7 ± 19,2 30,7 ± 20,0 18,8 ± 15,7 26,0 ± 17,9 23,4 ± 17,9
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