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a b s t r a c t 

Integrating spatial information about atrial physiology and anatomy in a single patient from multimodal 

datasets, as well as generalizing these data across patients, requires a common coordinate system. In 

the atria, this is challenging due to the complexity and variability of the anatomy. We aimed to develop 

and validate a Universal Atrial Coordinate (UAC) system for the following applications: combination and 

assessment of multimodal data; comparison of spatial data across patients; 2D visualization; and con- 

struction of patient specific geometries to test mechanistic hypotheses. Left and right atrial LGE-MRI data 

were segmented and meshed. Two coordinates were calculated for each atrium by solving Laplace’s equa- 

tion, with boundary conditions assigned using five landmark points. The coordinate system was used to 

map spatial information between atrial meshes, including scalar fields measured using different mapping 

modalities, and atrial anatomic structures and fibre directions from a reference geometry. Average error 

in point transfer from a source mesh to a destination mesh and back again was less than 0.1 mm for 

the left atrium and 0.02 mm for the right atrium. Patient specific meshes were constructed using the co- 

ordinate system and phase singularity density maps from arrhythmia simulations were visualised in 2D. 

In conclusion, we have developed a universal atrial coordinate system allowing automatic registration of 

imaging and electroanatomic mapping data, 2D visualisation, and patient specific model creation. 

© 2019 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Characterisation of atrial electrophysiology and function re-

uires comparison and integration of clinical measurements from

ifferent diagnostic modalities. These are measured across multi-

le intrapatient meshes to describe the individual, and across large

nterpatient datasets to describe populations. There is a large de-

ree of variation in the shape, morphology and size of human atria,

aking standardised visualisation and analysis across large patient

ata sets challenging ( Bisbal et al., 2013 ). Comparing measure-

ents between geometries and creating patient specific meshes

re technically challenging tasks, and may require the manual se-
∗ Corresponding author. 
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ection of a large number of landmark points, which is time con-

uming and subjective ( Fahmy et al., 2007 ). 

The complexity of the atrial anatomy that makes registration

hallenging also hinders visualisation. Surface visualisation is more

hallenging for the atria due to their more complex shape. For left

trial visualisation, Karim et al. (2014) mapped the mitral valve

MV) annulus to the edges of a square and the pulmonary veins

PVs) to the centre using a technique that aimed to preserve areas

nd angles; Williams et al. (2017) further developed this method

y creating a template mapping technique in which the MV an-

ulus was mapped to a disk, the PVs to circles and the left atrial

ppendage (LAA) to an ellipse. Roney et al. (2015) developed a sur-

ace flattening technique to minimise distance distortion for two-

imensional visualisation of the left atrium (LA). However, this

echnique requires manual cutting of the mesh to determine the
oundaries in two dimensions and it also has the limitation that it 

nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Schematic: (A) The LA and RA were segmented from LGE-MRI data using 

MUSIC software. The colour bar indicates the number of standard deviations above 

the mean intensity of the blood pool for the LGE-MRI intensity values. (B) The en- 

docardial segmentations were then meshed to create closed surface triangulations, 

and trimmed at the valves and veins (LA shown in blue; RA shown in red). (C) For 

each of the LA and RA surfaces, two atrial coordinates were defined. For the RA, 

these were a lateral-septal TV coordinate ( αRA , shown in septal-lateral view), and 

an IVC-SVC coordinate ( βRA , shown in lateral-septal view). For the LA, these were 

a septal-lateral coordinate ( αLA , shown in posteroanterior view), and a posterior- 

anterior coordinate ( βLA , shown in posteroanterior view). (D) These coordinates 

were used to map atrial structures from the original reference mesh to the target 

patient specific mesh. (E) Vector fibre data were also mapped between geometries. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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does not result in a standard coordinate system, and as such it is

difficult to compare between geometries. 

Registration algorithms enable comparison of data measured on

different geometries, for example from different imaging or elec-

troanatomic mapping systems. Atrial wall thickness ( Bishop et al.,

2015 ), activation ( Cantwell et al., 2015 ), voltage ( Rolf et al., 2014 )

and late gadolinium enhancement ( Cochet et al., 2018 ) can all

be measured across the atria in a single patient, and integrating

these data through registration is key to understanding the mech-

anisms underlying atrial fibrillation. Machine learning algorithms,

such as convolutional neural networks (CNNs), may be used to de-

termine relationships between clinical measurables, but typically

require the data to be organised in a standard spatial arrangement.

As such, registration techniques are required but their application

typically requires the manual selection of fiducial points and the

meshes to have similar topologies. 

Increasingly, integrated datasets are combined with physical

and physiological constraints encoded in biophysical models. These

human atrial computer models may include regional heterogeneity,

for example electrophysiological and tissue conductance variations

between the LA and right atrial (RA) body, PVs, appendages, pecti-

nate muscles (PM) and Bachmann’s bundle (BB), and also fibre di-

rection. As such, the construction of detailed computational models

requires the identification of different tissue regions and assign-

ment of fibre directions. Previous studies have manually identified

tissue types ( Labarthe et al., 2012 ) or used mapping techniques

( Krueger et al., 2013 ). Typically, fibre directions are assigned using

a rule based approach or mapped from an atlas using landmark

points ( Krueger et al., 2011; Fastl et al., 2016; Morgan et al., 2016 ).

Construction of large patient cohorts requires an automated regis-

tration and model generation platform. 

Here we develop a universal atrial coordinate (UAC) mapping

system for application to the atria, motivated by our universal ven-

tricular coordinate (UVC) system ( Bayer et al., 2018 ). The UVC sys-

tem consists of four coordinates, with simple boundary points or

surfaces at the apex and base. For the atria, we use just two co-

ordinates for visualisation purposes, and the boundary conditions

are defined by lines along the valves, the roof, and the lateral and

septal boundaries. These boundaries utilise visually evident land-

marks on the atrial anatomy. We motivate the choice of coordi-

nates, including the boundary conditions, and detail the method-

ology used for mapping both scalar and vector data, in order to

visualise atrial data in two dimensions, to calculate correlations

between measures, and to construct patient specific bilayer mod-

els with both electrophysiological heterogeneity and fibre direc-

tion. We show that the construction of the UAC system requires

the manual selection of just five points. We further demonstrate

that UACs may be used to generate patient specific bilayer meshes

from segmented MRI datasets. We compare the technique to other

scalar and vector registration techniques, and finally demonstrate

an application of UACs for 2D visualisation. 

2. Methods 

Our methodology maps a surface mesh of an atrium (left or

right) to the unit square, allowing mapping of atlases, registration

of geometries, and visualisation. We describe here the data types

used ( Section 2.1 ), pre-processing employed ( Sections 2.2 and 2.3 )

to generate the atrial meshes, followed by the point selection, and

boundary conditions required for the calculation of the univer-

sal atrial coordinates ( Sections 2.4 ). We explain how to use these

coordinates to map scalar ( Section 2.5 ) and vector ( Section 2.6 )

data between geometries, which allows the co-registration of clin-

ical data. Finally we describe an application of the UAC system to

construct patient specific bilayer bi-atrial meshes, with repolari-

sation heterogeneity, atrial anatomical structures and fibre direc-
ion ( Section 2.7 ). The schematic in Fig 1 outlines the methodology

sed for constructing patient specific bilayer geometries using the

AC system. 

.1. Data modalities 

We used late-gadolinium enhancement MRI data to gen-

rate patient specific geometries, as well as electroanatomic

apping data from the Carto system (Biosense Webster). This

tudy complies with the Declaration of Helsinki and was ap-

roved by the Institutional Ethics Committee at the University

f Bordeaux. All patients gave written informed consent. Late-

adolinium enhancement MRI data were recorded at a resolu-

ion of 0.625 mm × 0.625 mm × 2.5 mm, as previously described

 Roney et al., 2016 ). The CARTO3 electroanatomic mapping system

enerated surface meshes for the LA with an average edge length

f 1.9 mm. The methodology presented here is general and appli-

able to any atrial surface data. 

.2. Segmentation and mesh modifications 

Atrial geometry meshes were constructed using the following

teps. Left and right atrial late-gadolinium enhancement data were

egmented using MUSIC software (Electrophysiology and Heart
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Fig. 2. Selection of five landmark points: Two points were chosen on the LA roof; 

one on the LA septum; and two on the RA lateral-septal boundary. The LA roof 

points were chosen at the junction of the LA body with the LSPV and RSPV, at the 

highest posterior location for the LA. The LA septal point was chosen to be just 

anterior of the FO location. The RA lateral-septal points were chosen in a similar 

way to the LA roof points; that is at the junction of the RA body with the IVC and 

SVC, at the highest lateral location for the RA. 
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odeling Institute, University of Bordeaux, Bordeaux France, and

nria, Sophia Antipolis, France, http://med.inria.fr ) (see Fig 1 A).

losed surface triangulations of these segmentations were gener-

ted using the IRTK mcubes algorithm ( Schnabel et al., 2001 ). The

riangulation for the LA was then cut at the MV and the four PVs

ere trimmed; correspondingly, the RA was cut at the tricuspid

alve (TV), with the superior vena cava (SVC), the inferior vena

ava (IVC), and coronary sinus (CS) trimmed using Paraview soft-

are (Kitware, Clifton Park, NY, USA) (see Fig 1 B). The fossa ovalis

FO) was identified from the segmentation as the area of intersec-

ion of the LA and RA meshes, and a circular area of each mesh

orresponding to the overlapping region was removed, as for the

riginal bilayer mesh ( Labarthe et al., 2014 ). The meshes were then

emeshed using mmgtools meshing software ( https://github.com/

mgTools/mmg ), with parameters chosen to produce meshes with

n average edge length of 0.34 mm, to match the resolution of the

reviously published bilayer model ( Labarthe et al., 2014 ). 

.3. Atrial region assignment 

The following atrial regions were assigned to the model: the

Vs, the SVC, the IVC, and the left and right atrial appendages (LAA

nd RAA). These structures are visually evident in the constructed

A and RA meshes, and as such may be labelled using a variety of

ethods; further details are given in the supplementary methods.

hese region labels are used in the UAC calculation to define the

oundaries between the superior veins and the LA body, as well as

etween the junctions of the SVC and IVC with the RA body. 

.4. Calculating the UACs 

.4.1. Overview 

UACs were calculated by solving Laplace’s equation on the LA

r RA mesh with Dirichlet boundary conditions of zero and one

pplied along two sets of boundary nodes. Each of the LA and RA

ere parametrised using two coordinates selected to be as close to

rthogonal as possible everywhere. For the LA, these coordinates

ere a septal to lateral coordinate, αLA , and a coordinate from

he posterior MV to the anterior MV, βLA . Correspondingly for the

A, αRA was from the lateral TV to the septal TV, and βRA passes

rom the IVC to the SVC. Examples of the coordinates are shown in

ig 1 C. These directions were chosen as they result in the same LA

nd RA orientation that is used clinically for 2D visualisation of bi-

trial basket catheter data ( Narayan et al., 2012 ). The Laplace solves

ere performed using the CARP simulator ( Vigmond et al., 2003 ).

he following sections describe the choice of boundary nodes used

or each of the coordinates, and a rescaling required to define the

nal coordinates. We chose to define the LA and RA coordinates to

e as similar to each other as possible. As such, we define equiva-

ent roof boundaries using the superior veins only for the LA, and

he venae cavae for the RA. These coordinates can be used to map

calar data including atrial regions between meshes (see Fig 1 D),

nd vector fields such as fibre information (see Fig 1 E). 

.4.2. User input: point selection for the UACs 

Calculation of the UACs requires the manual selection of three

oints for the LA and two points for the RA. For the LA, the geom-

try was initially rotated to be in the posteroanterior view, and a

oint chosen at the junction of the right superior PV (RSPV) with

he LA body, and at the junction of the left superior PV (LSPV) with

he LA body, at the boundary between the posterior and anterior

alls (see Fig 2 ). These two points were used to construct a roof

ine to define how the geometry is divided into posterior and an-

erior components. A third point, determining the septal boundary,

as chosen on the LA septum, at the anterior edge of the FO loca-

ion (see Fig 2 ). 
For the RA, two points were chosen to construct a roof line,

hich was used to divide the geometry into lateral and septal

omponents. To select these points, the RA geometry was rotated

o the lateral view, specifically such that the RAA was at the bot-

om right of the viewpoint, as shown in Fig 2 . This orientation al-

owed for the selection of points at the boundary between the lat-

ral and septal walls. Two points were selected along this bound-

ry, at the highest point in view; one of these points was chosen

t the SVC-RA body junction and the other was at the IVC-RA body

unction. These regions and points are shown in Fig 2 . 

.4.3. LA Septal-lateral coordinate boundary nodes 

The boundaries of the LA septal-lateral coordinate αLA were

onstructed between the MV and the junctions of each of the su-

erior veins with the LA body. To achieve this, first the MV ring

odes were identified as those in the largest connected edge list,

nd the RSPV-LA and LSPV-LA junctions were identified as nodes

hat are in elements from both regions (see Fig 3 A). The sep-

al boundary of the LA septal-lateral coordinate, αLA , consisted of

he shortest geodesic path between the RSPV-LA junction nodes

nd the MV ring nodes that went through the user-defined FO

oint (see Fig 3 B). Geodesic paths were calculated using a march-

ng cubes algorithm ( Peyre, 2009 ). The lateral boundary was the

hortest geodesic path between the MV ring nodes and the LSPV-

A junction nodes that was posterior of the LAA (see Fig 3 B). To

nsure that this path was posterior of the LAA, the path had to

esult in the LAA being on the anterior wall in the UAC system,

hich was automated by including a criterion that the left inferior

V (LIPV) and LAA were assigned to opposite walls (see Fig 3 B). 

.4.4. LA posterior-anterior coordinate boundary nodes 

Calculation of the LA posterior-anterior coordinate ( βLA ) re-

uired solving the Laplace equation with a set of boundary nodes,

ollowed by a rescaling to separate the posterior and anterior com-

onents of the geometry. The first boundary was the MV ring,

hich was set to zero. The second boundary was the roof bound-

ry nodes, which were set to one. This boundary consisted of the

eodesic path between the user-defined points at the posterior-

nterior boundary of the RSPV-LA and LSPV-LA junctions (the

http://med.inria.fr
https://github.com/MmgTools/mmg
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Fig. 3. Calculation of Dirichlet boundary nodes used for Laplace solves. (A) Iden- 

tify region boundaries at the RSPV-LA and LSPV-LA junctions and MV (black lines). 

(B) Calculate the lateral and septal paths, ensuring the LAA is on the anterior wall 

(shown in black, with the posterior wall in white and superior veins in green). The 

intersections of these paths with the RSPV-LA and LSPV-LA junctions are marked 

(by 1 and 4, respectively). (C) Calculate the geodesic path between the LSPV and 

RSPV user-defined markers (purple line). The intersections of this paths with the 

RSPV-LA and LSPV-LA junctions are marked (by 2 and 3, respectively). (D) Use the 

four points (intersection of lateral, septal and roof boundaries with LSPV-LA and 

RSPV-LA junctions; points 1–4) to divide the superior vein openings into anterior 

and posterior segments (purple and green, respectively). (E) Determine the anterior- 

posterior boundary choice (purple line) such that the superior veins are assigned as 

anterior (black region). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Laplace calculations and UACs. (A) The Laplace field generated by solving for 

boundaries of 0 at the TV, and 1 along the lateral-septal boundary. (B) The Laplace 

field generated by solving for boundaries of 0 at the IVC path, and 1 along the SVC 

path. (C) Mesh partitioned into lateral and septal regions. (D) The lateral portion of 

an isoline (value 0.7) for the Laplacian solve in (A) was used to rescale the coor- 

dinate in (B). (E) UACs for the RA. (F) UACs for the LA. Isolines are shown at 0.04 

increments (except for A which is 0.08 spacing). 
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(  
LSPV-RSPV path, see Fig 3 C), together with the posterior compo-

nents of the junctions of the superior veins with the LA body. Us-

ing only the posterior component of the junctions of the superior

veins with the LA body ensures that the superior veins are well-

defined in the UAC system. 

To determine the posterior component of the superior PV-LA

junctions, four markers were automatically identified (see Fig 3 D)

as follows: (1) where the septal boundary meets the RSPV-LA junc-

tion, (2) where the RSPV-LA junction meets the LSPV-RSPV path,

(3) where the LSPV-RSPV path meets the LSPV-LA junction, and (4)

where the LSPV-LA junction meets the lateral boundary. Each pair

of points (1 & 2 and 3 & 4) divided the vein openings into two seg-

ments, one posterior and one anterior (see Fig 3 D), but it was un-

known which segment was which. The posterior portion was then

automatically selected as the path that mapped the superior veins

to the anterior wall in the UAC system (see Fig 3 E), which was

determined by whether the LAA, LSPV and RSPV were path con-

nected. 
The aforementioned use of markers at the path boundaries en-

ures that the set of nodes consisting of the lateral, septal and

oof nodes used to separate the posterior and anterior walls form

 continuous path. 

.4.5. RA coordinate boundary nodes 

The RA lateral-septal TV coordinate ( αRA ) was calculated in a

imilar way to the LA posterior-anterior MV coordinate ( βLA , see

ection 2.4.4 ). Specifically, the first boundary for the Laplace solve

as the TV ring, which was set to zero. The second boundary,

hich was set to one, consisted of the geodesic path between the

ser-defined points at the lateral-septal boundary of the SVC-RA

nd IVC-RA junctions, together with the lateral components of the

unctions of the SVC and IVC with the RA body. The lateral compo-

ents of the SVC-RA and IVC-RA junctions were determined using

he same technique as for βLA . 

Correspondingly, the RA IVC-SVC coordinate ( βRA ) was calcu-

ated in a similar way to the LA septal-lateral coordinate ( αLA , see

ection 2.4.3 ). Specifically, the RA IVC boundary consisted of the

hortest geodesic path between the IVC-RA junction nodes and the

V ring nodes. Similarly, the RA SVC boundary was the shortest

ath between the SVC-RA junction nodes and the TV ring nodes.

he RA IVC boundary was chosen such that the CS was on the sep-

al wall in the UAC system, which was automated by including a

riterion that the RAA and CS were assigned to opposite compo-

ents of the geometry. 

.4.6. Solving the laplace equation 

Fig 4 B shows the Laplace solution for the IVC-SVC coordinate

 β ), ranging between 0 on the IVC boundary and 1 on the SVC
RA 
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h  
oundary. Similarly, the LA septal-lateral coordinate ( αLA ) ranges

etween 0 on the septal boundary (RSPV-MV path) and 1 on the

ateral boundary (LSPV-MV path). 

Solving the Laplace equation for the posterior-anterior MV LA

oundary nodes (to calculate βLA ), or the septal-lateral TV RA

oundary nodes (to calculate αRA ), resulted in a solution, ψ , rang-

ng between 0 at the valve ring nodes and 1 at the LA roof or RA

ateral-septal boundary (see Fig 4 A). This was then used to calcu-

ate a coordinate between 0 and 0.5 on the posterior LA wall (or

quivalently the lateral RA wall), and between 0.5 and 1 on the

nterior LA wall (or septal RA wall), as follows. The mesh was au-

omatically separated into posterior LA (or lateral RA) and anterior

A (or septal RA) segments using the previously defined nodes. For

he LA, these nodes consisted of the lateral and septal boundaries

sed for αLA , together with the roof nodes used for βLA . For the

A, these nodes consisted of the SVC and IVC paths used for βRA ,

ogether with the lateral-septal boundary used for αRA (see Fig 4 C).

osteriorly βLA was then calculated as βLA = 0 . 5 · ψ, and anteriorly

s βLA = 1 − 0 . 5 · ψ . Equivalently, laterally αRA was then calculated

s αRA = 0 . 5 · ψ, and septally as αRA = 1 − 0 . 5 · ψ (see Fig 4 C). 

To ensure appropriate coordinate assignment for elements

long the septal and lateral LA boundaries (or IVC and SVC

A boundaries), these boundary nodes (corresponding to αLA = 0,

LA = 1, βRA = 0, and βRA = 1) were duplicated and elements renum-

ered to the posterior or anterior choice of LA node (lateral or sep-

al choice of RA node), as appropriate. 

.4.7. Coordinate rescaling 

The septal-lateral coordinate for the LA ( αLA ) and the IVC-SVC

oordinate for the RA ( βRA ) were rescaled to account for differ-

nces in atrial morphology between patients. This was achieved

or the LA by choosing a path spanning the posterior wall by au-

omatically selecting nodes along a geodesic of constant posterior-

nterior coordinate ( βLA ). Equivalently, an RA path spanning the

ateral wall was selected by automatically selecting nodes along a

eodesic of constant lateral-septal TV coordinate ( αRA ) (see Fig 4 D).

racing along this geodesic yielded a mapping between the Laplace

olution and the normalised geodesic distance. The mapping was

hen applied to the entire Laplace solution to arrive at the septal-

ateral LA coordinate ( αLA ) and IVC-SVC RA coordinate ( βRA ). The

nal UACs are shown in Fig 4 E and F. 

.5. Scalar value mapping 

To map scalar data between meshes, both the reference and the

arget geometry in ( x, y, z ) were expressed in terms of the universal

oordinates ( α, β). For each element in the reference geometry, a

hange of basis matrix M from ( x, y, z ) to ( α, β) was calculated

nd used to map the mid-point of the element in ( x, y, z ) to ( α,

). Similarly, mid-points in the target geometry were mapped to

niversal coordinate space. 

To determine a scalar field value for an element in the target

eometry, we first identified the element of the reference geometry

n universal coordinates that contains the mid-point of the target

lement. This mid-point of the target element was then expressed

n barycentric coordinates of the reference geometry element. The

calar value was then assigned as a distance weighted average of

he vertex values. For computational efficiency, only the five clos-

st elements to the target mid-point were checked (assessed us-

ng their mid-points in universal coordinate space), and in the case

hat none of these elements contained the target point, the scalar

alue was assigned as a regular distance weighting of the three

losest nodes. This use of barycentric interpolation was necessary

or transferring data between meshes of different resolutions. 
.6. Vector data mapping 

To map vector data such as cardiac fibre directions between

eshes, we followed the methodology used for the UVC system

 Bayer et al., 2018 ). Specifically, we constructed a local orthonor-

al basis at each point in the source mesh based on UAC, we then

nterpolated the vector field to this point, and finally projected the

esired vector to this basis. We then constructed a local orthonor-

al basis for each point in the destination mesh, and projected

he vector direction in UACs from the source geometry to Carte-

ian space. 

.7. Constructing patient specific bilayer meshes using scalar and 

ector mapping 

An application of the UAC system is constructing patient spe-

ific meshes, which may be used for simulations of cardiac elec-

rophysiology, with regional heterogeneity and fibre direction.

his construction utilises the previously published bilayer model

 Labarthe et al., 2014 ) as an atlas model of atrial anatomy includ-

ng the location of atrial structures and atrial fibres. To construct

ilayer meshes, first UACs are used to define several of the atrial

tructures and fibre directions; second, BB and the CS are incor-

orated using a sequence of rules; and finally the endocardial and

picardial layers are coupled using discrete resistance line connec-

ions. 

.7.1. Region and fibre vector assignment 

Both scalar and vector mapping were used to generate a bilayer

esh with endocardial and epicardial layers. The PVs, LAA, RAA,

VC and IVC regions were assigned using the techniques listed in

he Supplementary material, and then scalar mapping using UACs

as used to assign the CT, PM, SAN, line of block and sections

f BB (following Section 2.5 ). These structures were encoded in

he original LA and RA mesh by assigning labels to the elements

n the original mesh that are closest to each of the elements in

hese structures. As such, the original mesh UACs may correspond

o multiple structures. Elements in the LA and RA mesh of the new

ilayer model were assigned atrial structure labels depending on

he original mesh label, according to the closest element mid-point

n UACs. Once these labels were assigned, additional endocardial

ight atrial structures (CT, PM, line of block, SAN) were added to

he mesh by duplicating elements labelled as these structures and

rojecting their locations 0.1 mm endocardially, so that they ap-

ear on the endocardial but not the epicardial layer. The projec-

ion distance and arrangement of the atrial structures followed the

riginal bilayer model ( Labarthe et al., 2014 ). The LA endocardial

esh was duplicated and projected 0.1 mm epicardially to gener-

te two surface meshes to construct a bilayer model. 

Vector mapping of both the endocardial and epicardial LA fibres

as performed using the LA UACs to assign these fibres to the tar-

et atrial geometry. Fibre directions were first assigned to the RA

nd RAA using UAC vector mapping, and then this was repeated on

ections of the mesh representing the CT, PM and line of block re-

ions to assign fibres to the corresponding structures. Vectors were

ormalised. 

BB and the CS require additional steps for their construction be-

ause they are not fully determined by the UAC system. Details for

heir inclusion in the model, and the use of discrete resistance line

onnections between atrial surfaces are described in the supple-

entary material. 

.7.2. Cylindrical fibres 

In the instance that the universal coordinate system does not

ave complete coverage of an atrial structure, specific rules can be
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Fig. 5. Average error in point transfer does not depend on geometry surface area. 

Average error in μm for mapping from an atlas geometry to either the atlas (shown 

as crosses) or one of twelve different atrial geometries and back again is plotted 

against endocardial surface area for the LA (blue) and RA (red). (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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used to assign fibre directions. For example, for cylindrical struc-

tures (such as the PVs, IVC and SVC) a possible choice is to assign

longitudinal fibre directions as a function of normalised distance

along the cylinder. Fibre directions were modelled as parallel to

the z cylinder axis at the distal rim, and circumferential at the LA-

PV junction, varying linearly within this 90 ◦ range along the length

of the cylinder. 

3. Results 

We tested and evaluated the methodology across different ap-

plications using atrial geometry meshes constructed from late-

gadolinium enhancement MRI data for 12 patients. The LA and

RA geometries covered a range of atrial sizes (endocardial sur-

face area for the LA: 88.6-167.2 cm 

2 ; RA: 106.3-188.1 cm 

2 ). We

evaluated point transfer ( Section 3.1 , 12 patients); scalar mapping

( Section 3.2 , 1 patient); construction of patient-specific geometries

( Section 3.3 , 12 patients); fibre mapping ( Section 3.4 , 1 patient);

sensitivity to landmark selection ( Section 3.5 , 3 patients); and vi-

sualisation ( Section 3.6 , 12 patients). 

3.1. Point transfer 

To evaluate the accuracy of point transfer using UACs, we

mapped the mesh vertices from one geometry to another and back

again, and then computed the distance error of the mapped points

from the original vertices. Specifically, following our UVC paper

( Bayer et al., 2018 ), we mapped x s → X 

s → X 

D → x D → X 

D → X 

s → x s ,

where x represents points in Cartesian space, X represents points

in UAC space, and the superscripts refer to the source (s) or des-

tination (D) mesh. We mapped from both the LA and RA of the

original bilayer model ( Labarthe et al., 2014 ) to twelve different

atrial geometries. The average errors are shown in Fig. 5 as a func-

tion of the LA or RA surface area. The anatomies cover the clinical

range of surface areas (LA range: 88.6-167.2 cm 

2 ; RA range: 106.3-

188.1 cm 

2 ) ( Jadidi et al., 2013 ), and average error does not depend

on surface area (LA: correlation coefficient R = −0 . 19 , p = 0 . 56 ;

RA: R = 0 . 31 , p = 0 . 32 ). Average mapping error for the LA was less

than 90 μm and for the RA was less than 20 μm (average mesh

edge length was 340 μm). 
.2. Scalar maps and comparison to registration techniques 

One application of the UAC system is for mapping scalar data

etween different atrial geometries. Here we compare UAC map-

ing to a standard registration technique for transferring elec-

roanatomic voltage data to an MRI geometry, with the motiva-

ion of correlating electrical and structural data. Specifically, the

AC system was used to transfer bipolar peak-to-peak voltage data

easured using the CARTO3 electroanatomic mapping system to

 mesh generated from MRI data for the same patient; shown

n Fig 6 . The peak-to-peak voltage maps are visually similar; the

apping using UACs was then compared to a mapping using stan-

ard registration techniques. This registration was performed using

he Medical Image Registration ToolKit (MIRTK, https://github.com/

ioMedIA/MIRTK ), using the register function to perform an affine

egistration to the imaging data, followed by using the transform-

oints function to apply this transformation to the surface ver-

ices. The average absolute point-wise difference in scalar val-

es between the UAC ( Fig 6 B) and affine registrations ( Fig 6 C) is

.26 ± 0.26 mV. 

.3. Patient specific geometries 

Fig. 7 shows atrial structures for the reference bilayer geome-

ry ( Fig. 7 A), mapped to four of the twelve patient specific geome-

ries ( Fig. 7 C). Visually the atrial structures are located in similar

ocations across meshes. This demonstrates the utility of UACs for

onstructing meshes from patient imaging data with atrial struc-

ures, allowing the incorporation of regional heterogeneity in the

odel. The atrial regions are also shown in 2D for the LA and the

A ( Fig. 7 B), demonstrating the intermediate step of the mapping. 

.4. Fibre mappings and comparison to registration techniques 

Fig. 8 shows fibre directions for the original bilayer model, as

ell as fibre directions mapped to different patient geometries.

he mapping demonstrates the use of UACs for constructing pa-

ient specific meshes with fibre direction. 

The technique developed in this paper for mapping of fibre di-

ections using UACs was compared to fibres assigned using a pre-

iously published image based mapping method ( McDowell et al.,

012 ). This image based method uses a manual land-marking pro-

ess followed by a 3D thin plate spline transformation ( Turk and

’brien, 2005 ) and a large deformation diffeomorphic metric map-

ing ( Beg et al., 2005 ) to transform an atlas geometry to a patient

pecific geometry. The optimal deformation field calculated by this

mage based method is then applied to a vector field of atlas fibres

o obtain mapped patient specific fibre orientations. The patient

pecific geometry considered here is from Zahid et al. (2016) for

hich fibres were assigned using the image based mapping

ethod with the atlas geometry of Krueger et al. (2011) . To com-

are our mapping methodology to that of McDowell et al. (2012) ,

bres were mapped using both methods from a human atrial atlas

 Krueger et al., 2011 ), where only the endocardial and epicardial

urface fibres were considered ( Fig 9 A and D). 

There is spatial variation in the degree of correspondence be-

ween the methods, with a degree of agreement on the lower

osterior wall and roof, and more differences on the mid poste-

ior wall (compare Fig 9 B to C for endocardial fibres, as well as

 to F for epicardial fibres). To spatially quantify the effects of

hese differences in cardiac model simulations, activation was sim-

lated with stimulation from two different pacing locations for the

our different fibre arrangements ( Fig 9 B, C, E and F), with con-

uctivities of 0.4 S/m in the longitudinal direction and 0.1 S/m

n the transverse direction. Differences between endocardial and

https://github.com/BioMedIA/MIRTK
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Fig. 6. Mapping bipolar peak-to-peak voltage: (A) Peak-to-peak voltage measured using the Carto system. (B) Peak-to-peak voltage mapped from (A) using UACs to a mesh 

created from LGE-MRI for the same patient. (C) Peak-to-peak voltage mapped from (A) using an affine registration technique. Black regions indicate areas without recording 

values. The LAA is not included in the Carto geometry leading to a large area without data on the MRI. 
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7

Fig. 7. Patient specific geometries: (A) The original bilayer model displayed in pos- 

teroanterior and anteroposterior view. RA endocardial structures are displayed as 

epicardial, for visualisation purposes. (B) 2D UAC representation with regions la- 

belled for the RA (left) and LA (right). (C) Meshes derived from MRI data for four 

patients. 
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picardial activation for the same method were small (mean to-

al activation time difference: 4.1 ± 3.1 ms; mean point-wise ac-

ivation time difference: 3.7 ± 2.2 ms). Differences between the

wo methods were larger (mean total activation time difference:

2.2 ± 5.3 ms; mean point-wise activation time difference: 7.2 ±
.1 ms). An example map of these activation differences for the

ndocardium is shown in Fig 9 G, in which differences are seen on

he posterior wall below the RIPV due to differences in the fibres

etween Fig 9 B and C in this region. Fig 9 H and I show the cor-

esponding activation time maps for roof pacing for the endocar-

ial UAC fibres in B, and the image-based fibres in C, respectively.

ig 9 J shows that there are large differences in activation time on

he roof of the epicardial LA when pacing from the MV. Comparing

he activation time maps in Fig 9 K and L shows that the isochrones

n the roof are similarly spaced, and the differences seen in Fig 9 J

re due to large differences in the fibre directions on the lower

osterior wall between Fig 9 E and F, rather than differences in fi-

res on the atrial roof. 

.5. Sensitivity to choice of markers 

We investigated the sensitivity of the UAC mapping to assign-

ent of the UAC landmark points. The left atrial coordinates de-

end on the points selected at the LSPV-LA and RSPV-LA junctions.

his is because this path is used for the roof Dirichlet boundary

ondition for βLA . To a lesser extent, this choice also affects αLA 

ince the roof line determines the location of the isoline used for

escaling. The choice of the third LA point, which is just anterior

f the FO affects the location of the septal boundary condition for

LA . For equivalent reasons, the right atrial coordinates depend on

he points selected at the SVC-RA and IVC-RA junctions. We con-

ider the MV and TV ring positions as fixed, since these are as-

igned during the segmentation and mesh modification step of the

ipeline. 

The sensitivity of the mapping to the five points selected for the

AC assignment was determined. An example is shown in Fig 10 in

hich the LSPV and RSPV points were modified to be at the mid-

le and base of the LA-PV junctions. As a final example, the septal

oundary marker was moved to be posterior of the FO. Modifying

he points as such resulted in the following angle errors: middle

oof assignment (median angle error: 6.0 ◦), base roof assignment

median angle error: 8.1 ◦), posterior FO (median angle error: 7.2 ◦). 

To investigate the effects of atrial morphology on point selec-

ion, we modified the LSPV and RSPV marker locations for two

urther anatomies. For one of these, the left PV were difficult to

egment separately (see supplementary Fig 3); and the other cor-

esponded to the LA with the largest point-to-point mapping error

n Fig. 5 . The base roof assignment median angle error was simi-

ar for all three anatomies: median angle errors were 8.1 ◦, 8.1 ◦ and

.9 ◦. 
.6. Visualisation 

Fig 11 shows phase singularity distributions displayed on differ-

nt atrial geometries, as well as in two-dimensional UACs. These

istributions vary across geometries. The use of UACs for two-

imensional visualisation allows each of the LA and RA to be dis-

layed in a single map (LA shown in Fig 11 C; RA in Fig 11 D), so

hat multiple views are not necessary. Converting each map to the

ame 2D coordinate system also allows correlations to be calcu-

ated between different geometries. These maps are for the LA and

A epicardial surfaces. Other atrial structures can be assessed sep-

rately, as shown in Fig. 7 B. 

. Discussion 

In this paper, we present a universal atrial coordinate system

hat can be used to map scalar and vector data between any two

eometries, to map multiple data sets recorded from an individ-

al and also registering datasets recorded across a population; to

isualise atrial data in two dimensions; and to construct patient

pecific bilayer computational models, with electrophysiological

eterogeneity and fibre direction. Our methodology requires the
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Fig. 8. Fibre mapping: The original bilayer geometry is shown on the left column, 

with fibres for the: (A) LA epicardium, posteroanterior view; (B) LA epicardium, 

anteroposterior view; (C) CT and PM; (D) RA epicardial fibres. 

Fig. 9. Comparison of fibre mapping techniques: Endocardial (A–C) and epicardial 

(D–F) fibre directions for a human atrial atlas (A & D) mapped to a different patient 

geometry using either UACs (B & E) or an image based method (C & F). Differences in 

activation time for the endocardium and epicardium with pacing from the roof or 

MV respectively are shown in (G) and (J). Activation time maps corresponding to 

(B, C) are shown in (H, I) for roof pacing, and for (E, F) in (K, L) for MV pacing. 

Fig. 10. Point sensitivity. (A) Boundary nodes used for the laplace solves for the 

baseline case, a case with the LSPV and RSPV markers moved to the middle of the 

veins (roof 1), a case with the markers at the base of the veins (roof 2), and a 

case with the septal marker moved to be posterior of the FO. These changes visi- 

bly change the boundary condition locations. (B) LA UACs. (C) Epicardial posterior 

fibres. (D) Epicardial anterior fibres. 
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anual selection of only five points to create a patient specific

esh with regional heterogeneity and fibre direction. 

Our methodology allows 2D visualisation on a square geometry

or both the LA and RA, and as such is similar to the visualisation

f Karim et al. (2014) and Williams et al. (2017) . This 2D repre-

entation (see Figs. 7 and 11 ) in a standard coordinate system al-

ows easy regional comparison across multiple patients, calculation

f correlation between measures, and provides a format compati-

le with CNN analysis. For clinical utility, we used the same LA

nd RA orientation as is used for 2D visualisation of biatrial basket

atheter data ( Narayan et al., 2012 ). 

Point transfer using UAC was shown to have a high accuracy

see Fig 5 ), with all mean errors much smaller than the average

esh element edge length. Average error in point transfer did not

epend on total LA or RA surface area, but was affected by dif-

erences in LAA morphology. UAC scalar mapping performed simi-

arly to a standard affine registration technique using MIRTK when

apping from a low resolution electroanatomic mapping mesh to

 higher resolution MRI geometry (see Fig 6 ). Application of the

echnique to a larger number of cases is required to assess the im-

lications of differences in these mappings for evaluating the loca-

ion of low voltage areas (for example < 0.1 mV), which may be

sed to guide ablation therapy. However, the UAC method is in-

ependent of the initial orientations and coordinates of the two

eshes, making it more robust to mesh location initialisation. In

ddition, UAC mapping may offer better performance than affine

egistration for cases in which the two atrial geometries have very

ifferent morphologies. 

Our atrial pipeline uses UACs to assign both atrial structures for

egional heterogeneity and fibre directions to the mesh. As such,

 single technique, with the manual selection of only five points



C.H. Roney, A. Pashaei and M. Meo et al. / Medical Image Analysis 55 (2019) 65–75 73 

Fig. 11. Phase singularity plots visualised in 2D: Normalised phase singularity den- 

sity maps for three patients in: (A) Posteroanterior view; (B) Anteroposterior view; 

(C) LA 2D representation; (D) RA 2D representation. Orientation as per Fig. 7 . 
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see Fig 2 ) can generate a patient specific mesh (see Fig 7 ) with fi-

re direction (see Fig 8 ). Alessandrini et al. (2018) use a rule-based

echnique with set of 13 anatomical landmark points to assign fi-

res and regions to an LA model, and the location of BB and the

O were assigned manually ( Wachter et al., 2015 ). Many modelling

tudies only include the LA or else do not include atrial structures

xplicitly. 

Our current pipeline for constructing patient specific meshes

ses a previously published biatrial bilayer model ( Labarthe et al.,

014 ) as the reference geometry, to inform locations of atrial re-

ions and fibre directions. As such, all patient specific models have

pecific geometries from patient MRI data, but the morphology of

B, the PM, CT, the line of block and the SA node are similar to

he original bilayer geometry. These structures cannot easily be de-

ermined from current MRI resolution, necessitating this mapping

pproach. The CS was included as a cylindrical structure with a

ingle connection point to the LA; however, the model could easily

e modified to include multiple connection points. 

Similarly, fibres are currently mapped from the original bilayer

odel for which fibres were included based on histological de-

criptions ( Ho et al., 1999 ), combined with a rule-based approach

 Labarthe et al., 2012 ). The fibres assigned using our UAC method-

logy (see Fig 8 ) are different to those using an image based ap-

roach (see Fig 9 ); however, it is difficult to determine which dis-

ribution is more appropriate. The methodology introduced in our

aper is general, and can easily use a different vector map as an

nput. For example, Zhao et al. (2012) measure high-resolution fi-

re data in sheep atria using histology, and the recent study of

ashakhanloo et al. (2016) provides high resolution DT-MRI data,

hich could be used as an alternative fibre field input for the map-

ing. 
During the development of the methodology, multiple choices

f coordinates were tried and compared. Our initial motivation for

he choice of coordinates was that they should be as close to or-

hogonal as possible and use clear atrial landmarks. The UVC sys-

em uses a rotational coordinate, but we found this was not suit-

ble for the atria as the morphology is too far from spherical or

ylindrical. Instead, we used a lateral-septal coordinate, together

ith a posterior-anterior coordinate. Instead of following the api-

obasal UVC construction by assigning 0 at the valve and 1 at the

oof of the atria, the posterior-anterior LA UAC (equivalently septal-

ateral RA UAC) was modified to have different values on the poste-

ior and anterior LA walls (equivalently septal and lateral RA walls).

or the construction of the LA lateral-septal coordinate, we initially

ried boundary conditions of 0 at the LAA and 1 at the FO. How-

ver, close to the FO, the field was radial so this region of the mesh

as not well defined by the coordinate system. Using the LAA as a

oundary did not create such a problem since it is larger; however,

he size and shape of the LAA-LA boundary varies between meshes,

nd using a linear boundary was found to be optimal. An alterna-

ive choice for the origin of the LA coordinate system is the centre

f the line connecting the median points of the left and right PVs,

s suggested by Pashakhanloo et al. (2016) . 

Five points were manually selected for UAC assignment; four

f these points were on the veins (see Fig 2 ). Previous studies

ave found that landmarks at the PV-LA junction are the most

ccurate choice for LA registration ( Fahmy et al., 2007; Ali et al.,

015 ), which offers further justification for our choice of markers.

he UAC system requires the selection of points on the superior

eins; as such, the coordinate system is still applicable for patients

ith three or five veins as long as two veins are chosen to repre-

ent the LSPV and RSPV. The construction of the UAC system could

e adapted to include more or fewer landmark points. For exam-

le, more points could be included to further constrain the current

oundary lines, or to include a greater number of boundary lines.

onversely, these landmarks could be removed by instead using

roperties of the anatomy; for example, by assigning the LSPV and

SPV markers as the points closest to the inferior veins. 

.1. Limitations 

This UAC system could be extended to three dimensions by the

nclusion of a transmural coordinate, by solving a Laplace equation

ith 0 on the endocardial surface and 1 on the epicardial surface

s in Bishop et al. (2016) , to incorporate transmural fibre assign-

ent. In addition, the technique presented here for mapping vec-

or data could be adapted to instead use deformation gradients as

or the UVC system ( Bayer et al., 2018 ). The degree of distortion in

he UAC space gives an indication of the morphology of the atrial

natomy, and could be used as a geometry metric ( Bisbal et al.,

013 ). Atrial LGE-MRI segmentation is challenging, and current res-

lution limits mean we chose to map atrial structures, including

B, the CT and PM, from a reference geometry. Future studies could

se reproducible segmentation platforms ( Razeghi et al., 2017 ) and

utomated segmentation techniques ( Xiong et al., 2018; Chen et al.,

018 ). The inclusion of BB and the CS in the biatrial bilayer model

equired additional methodology as these structures are not well

epresented in the UAC system. The degree of reproducibility in re-

ion assignment could be improved for the PVs by using an auto-

ated technique and the system could be integrated into a single

ool for clinical utility; for example, following Razeghi et al. (2017) .

.2. Conclusions 

We have developed a novel coordinate system that has multi-

le applications, including mapping scalar and vector data between

ny two atrial geometries, visualising data in 2D and constructing
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patient specific atrial geometries. We demonstrated that a patient

specific bilayer biatrial geometry with repolarisation heterogeneity

and fibre direction can be constructed with the manual selection

of just five points. The technique was validated against standard

registration techniques for both scalar and vector mapping. 
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