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a b s t r a c t 

Background and objectives: Macroreentrant atrial tachyarrhythmias (MRATs) can be caused by different 

reentrant circuits. The treatment for each MRAT type may require ablation at different sites, either at the 

right or left atria. Unfortunately, the reentrant circuit that drives the arrhythmia cannot be ascertained 

previous to the electrophysiological intervention. 

Methods: A noninvasive approach based on the comparison of atrial vectorcardiogram (VCG) loops is pro- 

posed. An archetype for each group was created, which served as a reference to measure the similarity 

between loops. Methods were tested in a variety of simulations and real data obtained from the most 

common right (peritricuspid) and left (perimitral) macroreentrant circuits, each divided into clockwise 

and counterclockwise subgroups. Adenosine was administered to patients to induce transient AV block, 

allowing the recording of the atrial signal without the interference of ventricular signals. From the vec- 

torcardiogram, we measured intrapatient loop consistence, similarity of the pathway to archetypes, char- 

acterisation of slow velocity regions and pathway complexity. 

Results: Results show a considerably higher similarity with the loop of its corresponding archetype, in 

both simulations and real data. We found the capacity of the vectorcardiogram to reflect a slow velocity 

region, consistent with the mechanisms of MRAT, and the role that it plays in the characterisation of the 

reentrant circuit. The intra-patient loop consistence was over 0.85 for all clinical cases while the similarity 

of the pathway to archetypes was found to be 0.85 ± 0.03, 0.95 ± 0.03, 0.87 ± 0.04 and 0.91 ± 0.02 for 

the different MRAT types (and p < 0 . 02 for 3 of the 4 groups), and pathway complexity also allowed to 

discriminate among cases (with p < 0 . 05 ). 

Conclusions: We conclude that the presented methodology allows us to differentiate between the most 

common forms of right and left MRATs and predict the existence and location of a slow conduction zone. 

This approach may be useful in planning ablation procedures in advance. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Macroreentrant atrial tachyarrhythmia (MRAT), commonly 

nown as atrial flutter (AFL), is the second most common atrial 

achyarrhythmia and is becoming increasingly prevalent [1,2] . 

atheter ablation is the most common treatment [3] . However 

RAT is physiologically caused by a macroreentrant electro- 
under the CC BY-NC-ND license 

https://doi.org/10.1016/j.cmpb.2021.105932
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cmpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2021.105932&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:samuel.ruiperez@alumnos.uc3m.es
mailto:sruiperez@student.ethz.ch
mailto:fcastells@eln.upv.es
https://doi.org/10.1016/j.cmpb.2021.105932
http://creativecommons.org/licenses/by-nc-nd/4.0/


S. Ruipérez-Campillo, F. Castells et al. Computer Methods and Programs in Biomedicine 200 (2021) 105932 

p

s

q

p

s

t

a

c

o

a

f

p

l

i

r

c

a

l

M

w

c

f

p

m

s

E

i

c

t

E

t

f  

n

r

T

t

-

a

m

h

t

t

l

a

o

i

A

w

b

t

c

p

a

t

i

a

v

i

a

a

t

a

u

t

s

a

[

n

[

p

fi

t

r

e

[

r

h

d

w

t

M

c

H

P

e

t

s

t

e

M

2

o

d

r

o

u

m

e

n

b

p

w

p

l

t

m

o

o

d

v

b

c

v

w

d

f

a

t

o

t

w

hysiological circuit at the atria, which usually follows a path 

urrounding one or more anatomic obstacles [4] . The most fre- 

uent MRAT type, also known as typical AFL, follows a common 

attern located at the right atrium, where the activation path 

urrounds the tricuspid valve [5] , in any of the two possible direc- 

ions, either clockwise (CW) or counterclockwise (CCW) [6] . Atrial 

ctivation in typical AFL passes through an isthmus with slow 

onduction as a distinctive feature, which favours perpetuation 

f the macroreentry, as it allows the full repolarisation of the 

trial myocytes once the refractory period is over. Once ready 

or a new activation, subsequent cycles are repeated steadily and 

eriodically [7,8] . Ablation of the cavotricuspid isthmus creates a 

ine of conduction block which terminates typical AFL and renders 

t no longer inducible [9] . Although some other options have 

ecently been proposed [10] , the radiofrequency ablation of the 

avotricuspid isthmus is a well defined treatment [11] . 

Beyond typical AFL, other circuits may also cause sustained 

trial macro reentries, which otherwise will require different ab- 

ation interventions. Hence, MRAT can be classified into different 

RAT types [12] , where typical AFL is the most prevalent (90%), 

hereas the other cases are usually denoted as atypical AFL. In re- 

ent times, the use of electroanatomical mapping systems allows 

or the integration of electrical activation data of the atria on com- 

uterised 3D anatomical models of the atria. This has facilitated 

apping and ablation of these arrhythmia but is still a time con- 

uming procedure which requires expertise and training. Although 

CG Imaging (ECGI) is a promising noninvasive mapping technique, 

t is not widely employed in clinical settings yet and its results are 

ontroversial [13,14] . 

Therefore, a method to distinguish different atypical flutter 

ypes and identify the most probable reentrant circuit from the 

CG would be valuable in order to obtain key information prior 

o the electrophysiological study. Identifying whether the MRAT is 

rom the left or right atrium is of great help as it facilitates to plan-

ing in sense of either maintaining treatment with medicines or 

eferring them to the appropriate facility in case of ongoing MRAT. 

he other essential advantage would be simplifying the electroan- 

omical mapping by directing the physician to the area of interest 

 and thus avoid starting from scratch. 

Though first described more than a century ago [15] , the mech- 

nisms and techniques used for AFL diagnosis have seen little 

ore than minor changes in practice. Traditionally, diagnosis relied 

eavily on the twelve-lead electrocardiogram (ECG) analysis and 

he distinctive atrial waves in leads II, III, aVF, aVL, V1,V2, charac- 

erised by continuous and regular saw-tooth waveforms with cycle 

engths of around 250 ms [5] . In 2001, more than three decades 

fter the first classification of AFL, the European Society of Cardi- 

logy and the North American Society of Pacing and Electrophys- 

ology developed the current classification of the arrhythmia [16] . 

lthough the analysis of ECG is used to detect flutter cases [17] , 

aveform variants, such as positive or biphasic waves, that have 

een proven to exist, are not easily associated with different MRAT 

ypes [18] . Thus, ECG is merely orientative, even for typical AFL 

ases, as false positives and negatives are commonly registered. 

A major hindrance for MRAT diagnosis is that most patients 

resent a 2:1 atrio-ventricular conduction ratio. Consequently, the 

trial wave is overlapped by the ventricular components (either 

he QRS complex or the T-wave). In those cases, the atrial wave 

s no longer visible unless there is a longer RR interval (e.g. with 

 4:1 conduction ratio). Although several methods to cancel the 

entricular activity in atrial fibrillation signals have been proposed 

n the literature [19,20] , these are not applicable to MRAT signals, 

s atrial and ventricular components are coupled. Therefore, in the 

ttempt to remove the QRS-T, the atrial signal is likely to be sub- 

racted as well. Moreover, the strategy based on Blind Source Sep- 

ration [21,22] , which provides one atrial source free from ventric- 
2 
lar components –also in MRAT– is insufficient for this purpose, as 

hree independent atrial components would be required to recon- 

truct the VCG loop. As a result, the unequivocal retrieval of the 

trial signal in MRAT recordings still remains a technical challenge 

23] . This limitation, however, can be overcome by blocking the AV 

ode during a short period of time, e.g. by administering adenosine 

24] . 

Apart from ECG interpretation, the vectorcardiographic ap- 

roach [25] , sustained on the dipolar nature of the heart, was de- 

ned for the representation of 3-dimensional surface loops. Quan- 

itative measurements, such as planarity, plane orientation, loop 

oundness or the vector with maximum amplitude, among oth- 

rs, have been defined to assess the morphology of the QRS loop 

26,27] . Moreover, the QRS-T angle has been associated with the 

isk of sudden cardiac death [28] . With respect to MRAT, VCGs 

ave also been described [29,30] , but no clear correlation has been 

emonstrated for proven mechanisms. Unlike P, QRS or T waves, 

hich are caused by synchronised depolarisation/repolarisation of 

he myocytes following a rest period with isoelectric potential, in 

RAT, the atrial signal is a result of a continuous activation. Ac- 

ordingly, atrial VCGs lack coordinates for the origin of activation. 

ence, as MRAT loops differ in their generation mechanisms from 

 loops, novel features, specifically conceived for MRAT, should be 

xplored to extract clinically meaningful information. 

In this study, we hypothesise that there is a correlation between 

he atrial VCG loops and the type of atrial flutter that the patient 

uffers. This correlation is thought to be strongly related to the dis- 

ribution of slow conduction areas at the left atrium. Thus, differ- 

nces in the VCG loop patterns will be studied to characterise the 

RAT archetype defined for each group. 

. Study design 

In order to prove our hypothesis, we developed a method based 

n a new perspective of the VCG signal, where the evolution of the 

ipole direction and the slow conduction regions play a significant 

ole. This method was tested from different standpoints. On the 

ne hand, we evaluated the properties of the methods using sim- 

lations. Several simulation strategies have been employed to test 

ethods forprocessing cardiac signals, including geometrical mod- 

ls [31] , signal synthesis from the combination of periodic compo- 

ents [32] , semi-synthetic signals from the manipulation and com- 

ination of real signals [22] and computational methods based on 

hysiological properties, as used in Lemay et al. [33] . In this study, 

e used a geometrical model, which allows for a full control and 

arametrisation of the 3D loop described by the vector and the 

ocation of the slow conduction regions. A synthetic VCG genera- 

or was designed, based on a mathematical model to support the 

ethods used for the analysis and the posited hypothesis. On the 

ther hand, a prospective study was designed to test the meth- 

ds on MRAT patients. Patients were recruited at the Robotic Car- 

iac Electrophysiology and Arrhythmia Unit, at the Hospital Uni- 

ersitario La Paz (Madrid, Spain) according to a protocol approved 

y the hospital’s ethics committee. The recruitment protocol was 

ompliant with the Declaration of Helsinki and all patients in- 

olved signed consent forms. The classification of the MRAT type 

as determined after the electrophysiological procedure. Clinical 

ata (ECG measurements) are transformed to VCG signals before 

eature extraction. 

The proposed methodology involved the creation of VCG 

rchetypes for each group and VCG feature extraction parameters 

o quantify its similarity to an archetype, intra-patient consistence 

f the atrial VCG loop, the velocity profile of the trajectory and 

he complexity (i.e. the sinuosity) of the VCG trace. Statistical tests 

ere finally carried out to evaluate the performace of the methods. 
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. Materials 

.1. Synthetic data 

A geometrical model aiming to generate loops based on distinc- 

ive features of atrial VCGs was created. This model highlights the 

on-uniform velocity of the trajectory and the presence of a slow 

elocity region. The purpose of the simulations is to contrast the 

nformation exploited from the methods with a full control of the 

eometrical properties of the loops. 

Bearing in mind that diverse reentry circuits with different 

lane orientation, location of the slow region and rotation sense 

ay exist, 8 archetypes defined according to those characteristics 

ere defined. The variability of loops belonging to the same group 

as considered by introducing a wide range of randomized vari- 

bles, such as shape, plane rotation, spatial shifts of the slow ve- 

ocity region and complex curvatures in the pathway.The model 

dopts a geometrical approach with random parameters following 

 uniform distribution between ranges empirically found in VCGs 

rom MRAT patients. 

The generation of the VCG loops starts with the definition of an 

llipse. From the Euler expression, the relationship between ma- 

or and minor semi-axes are randomised within a range of values. 

t is worth mentioning here that, when discretising the XYZ pro- 

ections or signals according to the constant sampling period, the 

patial discretisation of the elliptical figures entails a higher den- 

ity of points near the minor semi-axis, so that the spatial velocity 

f the trajectory described by the loop is not constant along the 

ntire path. However, this should not be regarded as a limitation, 

ut rather an asset of the model, as variations of the velocity pro- 

le also appear in real MRAT VCG loops. 

Taking a deeper look at the idea of forcing a more pronounced 

low velocity region as a characteristic feature, a non-uniform dis- 

retisation of the angle is obtained from: 

θn = α
∣∣∣cos 

(
n 

π

N 

+ φ
)∣∣∣ + �θmin , (1) 

here �θn is the angular increment at each n sample, N is the 

otal number of samples of the loop, �θmin is the minimum an- 

le increment, which sets up the minimum velocity, α + �θmin is 

aximum angle variation, which stands for high velocity regions, 

nd the phase argument φ determines the location of rapid and 

low regions. The parameters in Eq. (1) must fulfill the constraint 

hat the accumulated angle increment throughout the entire loop 

quals 2 π . Accordingly, if a lower �θmin is desired, α must be 

ncreased to fulfill that condition, as one parameter relies on the 

ther. Overall, choosing one of them will directly fix the velocity 

alance between rapid and slow regions. 

To create a wide variety of loop shapes with meanders, curva- 

ure variations and avoiding strict confinement within a plane, the 

ector modulus (radius of the projections), which depends on the 

ngle and the semi-axes, is varied by means of weighted ( Q 1 , Q 2 

nd Q 3 ) frequency modulating functions ( C 1 , C 2 and C 3 ), so that: 

(θ ) = 

a · b √ 

( a · cos (θ ) + Q 1 C 1 ) 
2 + ( b · sin (θ ) + Q 2 C 2 ) 

2 + Q 3 C 3 

(2) 

This allowed a wide range of combinations of large arc devia- 

ions and small but rapid oscillations. A similar modulation vector 

s also defined in the perpendicular plane of the ellipse, thereby 

llowing the path to run out of the main plane. As a result, a cur-

ature throughout all 3 dimensions is generated. 

In order to avoid possible sharp peaks in the velocity profile 

which may occasionally appear) a low-pass filter is applied over 

he 3-dimensional path. An adaptation of the Savitzky-Golay filter 

ver the three axes was implemented [34] to make the trajectory 

moother and avoid these possible peaks. Finally, the spatial 
3 
rientation of the loop is set by means of a geometric rotation of 

he three axes. An example of a synthetic VCG loop is represented 

n Fig. 1 . 

With this model, 4 different groups were defined, according to 

he location of the slow region and with different loop orienta- 

ions. On average, the location of the slow region was set at ev- 

ry 90 ° for the different groups. With regard to plane orienta- 

ion, the loops were rotated with ±40 o per coordinate, with some 

verlapping between groups. Moreover, each group was then di- 

ided into two, according to the direction of the trajectory, either 

W or CCW. Both versions were considered as independent groups 

or VCG analysis, thereby generating loops classified into 8 groups 

groups 1 to 4 and 5 to 8 corresponding to either CW or CCW ver-

ions, respectively). A summary of the parameters and degrees of 

reedom from the model is depicted in Table 1 . 

.2. Clinical data 

After the protocol approval, 30 consecutive MRAT patients sub- 

itted to an electrophysiological intervention were included in the 

tudy. ECG and EGM data was registered by a polygraph (Lab- 

ystem pro, Bard, Boston Scientific) with a sampling frequency of 

KHz. Data generated by the electro-navigator during the inter- 

ention were recorded and synchronised with the polygraph for 

he subsequent analysis and description of the gold standard. Dur- 

ng ECG registration, adenosine was administered in order to tem- 

orally block the atrio-ventricular conduction and hence, obtain 

ure atrial signals free from any ventricular component. From the 

utcomes of the electrophysiological intervention, patients were 

rouped as follows: CW typical AFL (5), CCW typical AFL (6), CW 

erimitral MRAT (3) and CCW perimitral MRAT (8). The remaining 

 patients were identified as periveins (either pulmonar or cavae) 

r other MRAT forms, and were included in a miscellaneous MRAT 

roup. In this study, data from patients with anatomical problems 

r a long history of cardiac disease were disregarded for the statis- 

ical analysis. In addition to the ECG data, the results of the elec- 

rophysiological studies were available for all patients and consid- 

red as the gold standard that identified the macroreentrant cir- 

uit —and thus, the MRAT type. An example of an electroanatomi- 

al mapping with the activation sequence of a perimitral MRAT is 

hown in Fig. 2 . 

. Methods 

.1. Preprocessing 

.1.1. Atrial VCG loops computing 

From the ECG recordings, only the segments under the effects 

f adenosine depicting a saw-tooth waveform with no ventricular 

ontractions were selected. These signals were bandpass filtered 

etween 1 Hz and 30 Hz to reduce thermal noise and remove the 

aseline wandering whilst preserving the atrial content intact. Sig- 

als were filtered bidirectionally to minimise transient distortion. 

he atrial cycle length was computed from the first maximum of 

he atrial signal’s autocorrelation function. Having estimated this 

eriod, an excerpt with 10 cycles was delimited ( Fig. 3 A). Subse- 

uently, the signal was split into 10 segments, each of them lasting 

ne exact atrial cycle length. 

The VCG was then obtained according to the Inverse Dower’s 

ransform [35] to estimate Frank’s leads from the standard ECG 

ystem, as this is the most commonly used transformation, al- 

hough other vectorcardiographic transformations have also been 

roposed [36] . 

.1.2. VCG loop consistence 

The consistence assesses the similarity amongst intrapatient 

trial VCG loops. Thus, it allows us to determine their repeatabil- 
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Fig. 1. Example of a simulated VCG. A. Frontal, transversal and sagittal planes. B. 3D representation. C. Velocity profile. 

Table 1 

Summary of the parameters, description and values in the synthetic model. 

Category Param. Description Range 

Perimeter [2000, 2500] 

c Constant maintaining semi-axes (a and b) relation between a 

range to keep an elliptical shape. 

[ 1 / 
√ 

10 π, 
√ 

2 / 
√ 

13 π ] 

Ellipse G eometry b Minor semi-axis. Note that this parameter is not independent. b = c ·P 
a Major semi-axis. Note that this parameter is not independent. [1.5b,2b] 

α Maximum angular displacement (constrains maximum velocity). [0.3,0.7] 

Configuration of the L ow 

V elocity R egion 

�θmin Minimum angular displacement (constrains minimum velocity) 

[rad]. 

[ 10 −2 , 10 −4 ] 

Initial 

angle 

Location of the low velocity region Types 1,2,5 and 6: 0 ◦ Types 3,4,7 and 

8: 180 ◦

C1Q1 Variation over the major semi-axis [0,150] 

Creating a W inding P athway C2Q2 Variation over the minor semi-axis [0,150] 

C3Q3 Overall variation (over the radius). [0,15] 

X axis Types 1 and 5: [ 40 ◦, 80 ◦] Types 2 and 6: [ 10 ◦, 50 ◦] Types 3 and 7: [ 10 ◦, 50 ◦] Types 4 and 8: [ 40 ◦, 80 ◦] 

Plane R otations Y axis Types 1 and 5: [ 70 ◦, 110 ◦] Types 2 and 6: [ 40 ◦, 80 ◦] Types 3 and 7: [ 40 ◦, 80 ◦] Types 4 and 8: [ 70 ◦, 110 ◦] 

Z axis Types 1 and 5: [ 20 ◦, 60 ◦] Types 2 and 6: [ 10 ◦, 30 ◦] Types 3 and 7: [ 10 ◦, 30 ◦] Types 4 and 8: [ 20 ◦, 60 ◦] 

Sense of R otation 
CW Types 1–4 

CCW Types 5–8 

4 
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Fig. 2. Electroanatomical mapping with the activation sequence of a perimitral MRAT. The area in red corresponds to the slow conduction region ( see the video in the 

supplementary material to reproduce the activation sequence ). The electrophysiological study was used as the gold standard to identify the reentrant circuit and hence the 

MRAT type. This figure was generated by CARTO®3, Biosense Webster. 
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ty, which could be impaired due to either the variability of the 

acroreentrant circuit, the quality of the signal (i.e. signal-to-noise 

atio) or respiration [29] . 

Taking 10 VCG loops for each patient, the consistence is com- 

uted from the Eigen Value Decomposition [37] , which outputs 10 

rthogonal vectors with decreasing representation in terms of vari- 

nce to the input data. Consistence is then defined as the percent- 

ge of variance explained by the most representative component. 

s macroreentrant circuits in MRAT are repeatable events, consis- 

ence values close to 1 are expected in practically all cases, unless 

 corrupted signal or an unstable circuit is present. Outliers with 

learly low consistence values were excluded from the analysis. 

.1.3. Averaged VCG loops 

The VCGs from all cycles were averaged to create a representa- 

ive single-loop VCG signal for a patient (see Fig. 3 ). As the atrial

ycle length will be different for each patient, and with the aim of 

llowing interpatient VCG loop comparison, XYZ components were 

esampled so that the averaged VCG had the same number of sam- 

les in all patients (in this study we considered 500 samples, al- 

hough this number is not a critical point). 

.2. VCG archetypes 

In order to identify the MRAT type for a given patient, a repre- 

entative VCG for each group would be required, so that the sim- 

larity to each VCG pattern could be obtained and therefore deter- 

ine the greater similarity of MRAT to an unknown VCG. To this 
5 
nd, the VCGs were divided into different groups (both in simu- 

ations and real data), VCG archetypes are created from the aver- 

ge of time aligned VCGs. In order to prevent excessive amplitudes 

f ECG signals, all VCGs were previously normalised so that their 

espective vectors had the same averaged modulus along the en- 

ire loop. The ensemble of VCG loops belonging to the same MRAT 

roup was jointly aligned according to a least squares minimisation 

pproach described in the Appendix . 

.3. Characterisation of VCG loops 

Vectorcardiographic signals have been previously characterised 

38] . The new approach described below was applied to both sim- 

lated and real data. Before any feature extraction and for every 

CG, the mean value was firstly removed from all three Cartesian 

xes, so that the loop was spatially repositioned towards its centre 

f gravity –notice that it will be closer to the low-velocity region, 

s it has a higher density of samples. 

.3.1. Similarity between VCG loop pairs 

In order to assess the similarity between VCG loop pairs, the 3- 

imensional VCG vectors were correlated sample-by-sample until 

ll N vectors that make up each loop were compared. The similar- 

ty between two loops is hence defined as: 

 = 

1 

N 

N ∑ 

i =1 

x 

T 
i 

y i 

‖ 

x i ‖ ‖ 

y i ‖ 

, (3) 
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Fig. 3. A: 12-lead ECG signal from a typical CCW AFL under the effects of adenosine. Notice large RR segments due to AV blockage. B: VCGs reconstructed from 10 consecutive 

atrial cycles are superimposed (see region in the dashed box in A), with the averaged VCG in thick dashed trace. 
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here x i and y i are the 3-dimensional vectors of each VCG loop, 

espectively, at the i th sample and N is the total number of sam- 

les, which is the same in both loops since they were previously 

esampled as mentioned before. Notice that, in this definition, the 

imilarity is not affected by differences in the amplitude of the 

ectors, but relies solely on the direction the vectors are pointing 

o. As the slow regions have a higher spatial density of samples, 

hey will be over-weighted with respect to other regions and thus, 

lay a key role in this parameter. In other words, two VCGs decrib- 

ng exactly the same path but with different locations of the slow 

egion will not have a similarity of 100%. Otherwise, two VCGs de- 

cribing different paths but with roughly the same location of slow 

egions may have a higher similarity than visually expected. 

It is worth mentioning that special care must be taken in the 

lignment of the loops, as misaligned loops would erroneously 

rovide low correlation values. Therefore, the similarity parame- 

er S is in fact a cost function S(k ) , which depends on the loop

lignment, where k is the number of samples by which the sec- 
6 
nd loop is shifted, taking N possibilities, from 0 to N − 1 . Due to 

he variability of MRAT loops, particularly if they come from differ- 

nt MRAT types, we cannot a priori estimate the shape of the cost 

unction. The possible existence of local maxima at which a max- 

misation function could become anchored is unknown. For this 

eason, anywhere that the similarity between loops is computed 

n this study, all possible N shifts will be considered, taking the 

bsolute maximum S max . As subsequently reported in the results 

ection on the cost function shape, in later studies a maximisation 

unction could be applied with the aim of carrying out fewer iter- 

tions hence saving computational load. 

.3.2. Identification of the Most Similar archetype 

For each VCG, the similarity to each archetype was computed 

s described in Sections 4.3 and 4.3.1 . The highest coefficient will 

etermine which group it is closest to. In the case of real data, due 

o the low number of patients in each group, and in order to en- 
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Fig. 4. A. Primary and secondary slow velocity intervals, labelled as 1 and 2, respectively, are detected in a Perimitral CCW MRAT. B. Slow velocity regions are highlighted 

in VCG projections. C. Highlight of slow velocity intervals on the atrial ECG signal. These intervals correspond to segments with a smoother slope. 10 atrial waves are 

represented (from which the average VCG loop in B is created). The first three waves are labelled with the two slow conduction region - 1 is the slowest. 

s

g

4

t

V

a

a

s

(

T

i  

p

T

c

a

p

l

ω

w  

t

T

M

ure a fair comparison, the VCG being tested were excluded for the 

eneration of the archetypes following a Leave One Out strategy. 

.3.3. Slow conduction velocity regions 

The velocity profile along the loop is computed from the spa- 

ial distance between consecutive loop samples. As the units of the 

CG leads are given in volts and the temporal scale is expressed in 

trial cycles, the resulting units are [V/cycle]. A threshold fixed to 

 quarter of the maximum velocity was set to identify the VCG 

ites and the temporal instants associated with slow conduction 

see Fig. 4 ). From this, the following parameters were defined: (1) 

 ime F raction during which the trajectory advances at low veloc- 

ty ( T F LV ); (2) D istance F raction outlined during the low velocity

eriod ( DF ) and (3) the ratio between these two parameters, i.e. 
LV 

7 
 ime fraction over D istance fraction (as a R atio) under low velocity 

onditions ( T DR LV ). 

As MRAT VCGs are closed loops, the angular velocity profile was 

lso computed, in order to enrich and supplement the information 

rovided by the velocity profile. At the i th sample, the angular ve- 

ocity ω, which is expressed in [rad/s] units, is defined as: 

 i = 

1 

T s 
arccos 

(
v T 

i 
v i +1 

‖ 

v i ‖ ‖ 

v i +1 ‖ 

)
, (4) 

here v i is the 3-dimensional vector at the i th sample and T s is

he sampling period (with required corrections after resampling). 

o illustrate the interpretation of this parameter, let us consider an 

RAT loop with no meanders and a cycle length of 250 ms. In this 
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ase, the expected angular velocity, on average, would be 8 π rad/s, 

s in one second it would complete 4 entire loops, or 1.4 deg/ms. 

his angular velocity is likely to increase with shorter cycle lengths 

nd/or bending traces. 

.3.4. Complexity of the pathway: quantification of bending traces 

This parameter intends to capture local variations in order to 

valuate the complexity of the trajectory. The rationale of this pa- 

ameter is that, the further the pathway bends, with more mean- 

ers and direction changes, the higher the complexity of the path- 

ay. Therefore, the complexity can be regarded as the accumu- 

ation of the instantaneous angle variation �i , which for the i th 

ample is computed as: 

i = arccos 

(
( x i − x i −1 ) 

T 
( x i +1 − x i ) 

‖ 

x i − x i −1 ‖ ‖ 

x i +1 − x i ‖ 

)
(5) 

The accumulation of all angle variations �i along the full path- 

ay is lower bounded by 2 π rad, which is the value obtained in 

he simplest case (i.e. the direction vector makes a complete turn). 

owever, since there is no upper boundary for this parameter and, 

n order to keep a parameter within a reasonable range, we define 

he complexity C as: 

 = 1 − 2 π∑ 

i �i 

, (6) 

hich is lower bounded by 0 (the simplest pathway, with no local 

scillations) and upper bounded by 1 (in the case of an infinitely 

omplex trajectory). 

.4. Statistical analysis 

.4.1. Synthetic VCGs 

A one-way analysis of variance (ANOVA) was calculated on syn- 

hetic VCGs. Snedecor’s F distribution is applied in analysing vari- 

nce to see if three or more samples come from populations with 

he same mean values. The F -ratio and the associated probability 

alue ( p -value) are reported. If the p -value associated with the F is

ess than 0.05, the null hypothesis will be rejected and a multiple 

omparison test will be carried out. In these cases, post-hoc tests 

llow us to examine mean comparisons, which can be thought of 

s a subset of possible contrasts between the means. The Bonfer- 

oni method is used for general tests of possible contrasts. 

The Receiver Operating Characteristic (ROC) curves were com- 

uted for each of the synthetic groups, contrasting sensibility and 

pecificity in a binary classification system. Two sets of data were 

valuated, one for each direction. In each of the sets, the cases of 

he group being evaluated (10 0 0 synthetic VCGs) were contrasted 

ith the other groups (30 0 0 synthetic VCGs). The Area Under the 

urve (AUC) was used as the measure to quantify a good classifier 

o distinguish between each AFL archetype for each group. 

.4.2. Real data 

As the patients database represents different distributions, and 

iven the low number of cases, the non-parametric Kruskal-Wallis 

est was applied - used for more than two independent samples. 

t is roughly equivalent to a parametric one way ANOVA with the 

ata replaced by their ranks. If the p-value is less than 0.05, the 

ull hypothesis will be rejected. 

. Results 

.1. Synthetic data 

.1.1. Comparison between groups 

The similarity parameters were tested for VCG comparison be- 

ween groups. The ANOVA test shows statistical significance for all 
8 
he cases for all groups. The F -parameter for each group ranged 

rom F (3 , 3996) = 959 . 20 , p < 0 . 001 to F (3 , 3996) = 1456 . 28 , p <

 . 001 . Thus, although overlapping between groups occurs, statis- 

ical tests show differences between the types from the evalu- 

tion of the correlation parameter. Furthermore, when evaluat- 

ng through multiple comparisons using Bonferroni’s correction, all 

roups are found to show high statistical significance when com- 

ared to any other ( p < 0 . 001 for all of them). Fig. 5 shows the

oxplot results of the simulation analysis from the set of data of 

0 0 0 synthetic cases (i.e. 10 0 0 per group for each of the 8 groups)

aken from the database created, as described in Section 3.1 us- 

ng the tools proposed in Section 4.3.1 . Only groups I–IV are repre- 

ented, as groups V–VIII show the same behaviour, since they are 

escribed by the same loops rotating in the opposite direction. 

The results of the AUC for each ROC curve computed from both 

irections (see Fig. 6 ) are displayed in Table 2 . 

.1.2. Influence of the slow regions 

Over a controlled synthetic VCG, with the slow region at one 

nd of the major semi-axis and the fast region on the opposite end, 

otation around the major semi-axis (slowest and fastest regions 

emain fixed) presents a decrease in similarity to a value as low 

s 0.8. On the other side, when rotating with respect to the minor 

emi-axis (semi-slow regions are fixed while slowest and fastest 

ove), the similarity decreases to 0.3. 

.1.3. Complexity 

Over a controlled synthetic VCG, the amplitude of the frequency 

odulating functions are progressively increased (beginning with 

ero amplitude, i.e. as a ‘perfect ellipse). Complexity measurements 

rom these simulations increase from 0 up to 0.8. 

.2. Real data 

.2.1. Intra-patient consistence 

Consistence values were over 0.85 in all cases, with an average 

f 0.95 ± 0.04. One patient registered a consistence value of 0.55 

nd therefore, was excluded from the analysis. Fig. 3 B shows the 

uperposition of 10 consecutive VCGs for a typical CCW AFL, with 

he averaged VCG represented by a thick dashed line. 

.2.2. Similarity with archetypes 

Archetypes for each group are shown in Fig. 7 . The results from 

he average similarity of individual VCGs with group archetypes 

computed according to a LOO algorithm) are detailed in Table 3 . 

or all groups, the highest average similarity corresponded to the 

rchetype of its own group. In all groups, the similarity with their 

espective archetype was at least 0.85 on average, with a standard 

eviation of less than 0.05 (see an example of perimitral VCGs in 

ig. 8 ). The statistical results from the Kruskal-Wallis test were as 

ollows: except for perimitral CW MRAT ( p = 0 . 062 ), the results for

he other groups were statistically significant. Fig. 8 shows three 

xamples of CCW Perimitral MRAT. 

.2.3. Analysis of slow regions 

The detection of low velocity intervals and how they can be 

rojected to VCG and atrial signal plots is illustrated in Fig. 9 . The

esults for the time and distance fractions during low velocity pe- 

iods ( TF LV and DF LV , respectively), as well as the ratio between 

hese two parameters ( TDR LV ) are summarised in Table 4 . 

The non-parametric Kruskal–Wallis test over these parameters 

rovide a statistical significance for TF LV ( p = 0 . 047 ) but no statis-

ical significance for DF LV ( p = 0 . 146 ) or TDF LV ( p = 0 . 698 ). Note

hat the threshold as one fourth of the maximum velocity shows 

tatistical significance among groups ( p = 0 . 025 ). 
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Fig. 5. Box plot of the correlation coefficient of types I to IV with their representative archetypes (A to D correspondingly). Each subfigure represents the correlation of one 

archetype (created from the training synthetic cases) with all the patients from groups I to IV (the synthetic test cases). 

Fig. 6. ROC curves for all patients corresponding to each of the groups when taking 

into account all the 80 0 0 synthetic patients (A) or the first 40 0 0 in one subgroup 

(with types I–IV) and the rest in the other (types V–VIII). 
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Table 2 

AUC for synthetic patients. 

Type I Type II Type III Type IV 

AUC 0.899 0.902 0.863 0.923 

9 
.2.4. Loop complexity 

Complexity values for each group are shown in Table 5 . The 

CG loop described by perimitral MRAT presented higher complex- 

ty and longer periods than typical AFL. Moreover, complexity dif- 

erences between CCW and CW variants from the same MRAT type 

ere also found. Complexity was even higher in the miscellaneous 

roup and in patients with anatomical deformities —a patient with 

ypical AFL and a thoracic malformation (severe pectus excavatum) 

resented a complexity of 0.68. This patient was discarded from 

he analysis. 

When performing the non-parametric Kruskal–Wallis test over 

he set of patients grouped as previously described, statistical sig- 

ificance is obtained with a p -value of p = 0 . 035 for the complex-

ty parameter. Thus, the null hypothesis is rejected. 

The complexity of the VCG loop was mildly correlated with the 

trial cycle length under adenosine effects, with a correlation value 

f 0.62. These values are also provided in Table 5 . 

. Discussion 

MRAT may be caused by different macroreentrant circuits 

hich require different ablation approaches. Since there is no 
Type V Type VI Type VII Type VIII 

0.895 0.899 0.872 0.926 
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Table 3 

Results of correlation of archetypes with patients from MRAT groups. 

Typical CCW Typical CW Perimitral CCW Perimitral CW Other types 

Typ.CCW Arch. 0.85 ± 0.03 0.67 ± 0.11 0.77 ± 0.05 0.73 ± 0.12 0.68 ± 0.14 

Typ.CW Arch. 0.68 ± 0.05 0.95 ± 0.03 0.66 ± 0.13 0.75 ± 0.04 0.58 ± 0.13 

P.CCW Arch. 0.78 ± 0.09 0.63 ± 0.11 0.87 ± 0.04 0.68 ± 0.12 0.62 ± 0.18 

P.CW Arch. 0.76 ± 0.08 0.75 ± 0.01 0.70 ± 0.12 0.91 ± 0.02 0.65 ± 0.17 

p -value 0.014 < 0.01 < 0.01 0.62 N.A. 

Fig. 7. VCG archetypes for different MRAT group (principal slow velocity region and rotation sense are indicated). A: Typical CCW; B: Typical CW; C: Perimitral CCW; D: 

Perimitral CW. 

10 
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Fig. 8. Examples of VCGs corresponding to CCW Perimitral MRAT (main slow velocity regions are highlighted). Notice the high coincidence with the CCW Perimitral MRAT 

in Fig. 7 C. 

Table 4 

Results of TF LV , DF LV , TDR LV and ratio between maximum and minimum velocities V max /V min . 
∗An outlier case with an 

unusually slow minimum velocity (which led to a V max /V min ratio as high as 267.0) was excluded from the analysis. 

Typ.CCW Typ.CW P.CCW P.CW Other Overall 

TF LV 0.41 ± 0.04 0.18 ± 0.12 0.30 ± 0.14 0.21 ± 0.19 0.43 ± 0.18 0.32 ± 0.16 

DF LV 0.18 ± 0.03 0.08 ± 0.06 0.12 ± 0.06 0.10 ± 0.14 0.17 ± 0.06 0.14 ± 0.07 

TDR LV 2.24 ± 0.30 2.30 ± 0.26 2.47 ± 0,37 3.23 ± 1.54 2.46 ± 0.40 2.47 ± 0.59 

V max /V min 25.80 ± 20.99 7.876 ± 2.64 15.03 ± 5.57 11.92 ± 2.47 19.01 ∗ ± 12.68 16.64 ∗ ± 12.61 

Table 5 

Results of arc parameter for all MRAT groups. 

Typ.CCW Typ.CW P.CCW P.CW Other Overall 

Complexity 0.24 ± 0.05 0.36 ± 0.12 0.45 ± 0.17 0.39 ± 0.11 0.54 ± 0.18 0.43 ± 0.17 

Period (ms) 215.50 ± 7.79 245.20 ± 7.37 250.13 ± 12.79 219.00 ± 11.85 275.89 ± 23.01 249.28 ± 8.85 

11 
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urrent reliable identification of the MRAT type from the analy- 

is of the ECG, advances on this issue previous to the ablation 

rocedure would be valuable [39] . In this study, a methodology 

ased on the analysis of the atrial VCG loop is proposed, which 

an be derived from the ECG by means of the Dower’s Inverse 

ransform. 

The synthetic VCG generator model strengthens the hypothe- 

is of the importance of slow regions when characterising AFL. Al- 

hough some overlapping occurs when correlating synthetic VCGs 

o different archetypes, the high significance and discrimination 

apacity unveiled by the statistical methods allows us to con- 

lude the importance of the slow regions as the only parameter 

nique to each group. Furthermore, controlled tests such as corre- 

ating around semi-axes shows how correlation highly depends on 

hether the slow region is fixed or displaced in the space, entail- 

ng a significant decrease in this parameter. Also AUCs demonstrate 

his discriminating capacity between groups I–IV and V–VIII, with- 

ut the bias of the noticeable difference between the two direc- 

ions of rotation. 

In the real cases, the proposed methodology enables us to find 

ifferences between different MRAT types, even between CCW and 

W variants of the same MRAT type. This suggests that loops with 

CW and CW rotation directions should be treated independently 

s different groups. Moreover, there was a high similarity between 

atients belonging to the same MRAT group, with standard devia- 

ions below 0.04 in this parameter. These results denote a promis- 

ng capability for the identification of the MRAT type. This ap- 

roach is based on the comparison of the VCG loop with a col- 

ection of archetypes corresponding to each MRAT variant. To in- 

rease the utility of this method, a universal and publicly available 

ataset of archetypes would be an asset, so that each health cen- 

re would not have to recruit a large number of patients to ini- 

iate the study. To proceed with the comparison of VCG loops, it 

hould be noted that a normalisation of the same number of sam- 

les per atrial cycle is required. Furthermore, loops should be time- 

ligned. Although in this conceptual study, brute force was applied 

or this alignment, since the cost function would not show local 

axima, a simple maximisation approach, such as the steepest de- 

cent method, could be used instead to save computational load. 

his is not, however, a critical issue, as the number of computa- 

ions to be run is feasible. 

Interestingly, a discretised plot of MRAT VCG loops showed 

egions with higher density of samples, consistent with the 

low-conduction regions responsible for the perpetuation of the 

acroreentrant circuit. This property of the atrial VCGs has not 

een reported hitherto. In addition, this may play a key role for 

he identification of the MRAT type. The velocity profile described 

y the surface VCG loop showed significant differences along the 

athway, with a median of 12.93 for ratios between the fastest and 

lowest velocity, ranging between 4.55 and 256.95, which confirms 

he systematic presence of a low velocity region. In those periods 

ith lower velocity, a much longer time is required to cover a sim- 

lar arc portion in contrast to other instants with higher velocity. 

n addition to velocity definition measured as voltage increment 

er cycle unit, the angular velocity would also be of interest, as it 

ay highlight direction changes in sites close to the VCG centre, 

.e. with a short turning radius, as if an obstacle were surrounded. 

hether this is related to an anatomical or physiological feature is 

till to be explored. 

An important application of this method is the identification of 

he slow conduction intervals. This would allow a real-time pro- 

ection to highlight these segments on the signal registered by an 

xploratory catheter (e.g. the ablation catheter), which would be 

seful for monitoring whether it is approaching or moving away 

rom the slow conduction region. This would help find the target 

blation sites more efficiently. Fig. 9 illustrates an example of a 
12 
ypical AFL, with the 1-2, 3-4 and 5-6 electrode pairs of the mul- 

ipolar catheter placed on the cavo-tricuspid isthmus. As shown in 

his figure, once the slow conduction intervals are identified, and 

ue to the periodicity and regularity of the macroreentry mecha- 

isms, these can also be extrapolated to segments where the atrial 

ignal is masked by ventricular components. This is also applica- 

le to patients with a consistent 2:1 AV conduction ratio, where 

he atrial wave is no longer visible during long periods, which 

rings tremendous potential to guide the electrophysiological 

xploration. 

Unexpectedly, there were important differences in time and dis- 

ance fractions during low velocity between CCW and CW variants 

f the same MRAT type. This raises new questions regarding asym- 

etries in the conduction properties depending on the rotation di- 

ection, which should be answered by electrophysiological studies. 

Regarding the complexity of the atrial loop, perimitral MRAT 

resented more complex patterns, which suggests a longer and 

ore winding pathway to close the loop. This property is even 

agnified in MRATs with anatomical deformities. 

In order to apply this method successfully, an unequivocal atrial 

ignal —i.e. with no ventricular activity— is required. However, 

he atrioventricular (AV) conduction ratio is often as short as 2:1. 

herefore, the atrial signal is overlapped by either the QRS complex 

r the T wave. Due to the high consistency of atrial loops, even one 

ingle loop might be sufficient, which could be captured if longer 

R intervals were available. Otherwise, adenosine administration or 

arotid massage could facilitate obtaining the atrial signal. Never- 

heless, specific approaches to retrieve the atrial signal from the 

CG would be valuable. Although several approaches have been 

roposed for atrial fibrillation, they are likely to fail in the case 

f atrial flutter. Regarding algorithms based on QRS-T cancellation 

19,40] , as long as the atrial cycles are coupled with the ventricu- 

ar activity, the atrial signal will be removed as well. On the other 

and, methods based on Blind Source Separation [21] are able to 

xtract one projection consistent with the atrial source. However, 

 single component is still insufficient to project back the VCG, 

s three (or at least 2) components would be required, rendering 

hose methods useless. Therefore, improved algorithms exploiting 

ither the spatial or temporal properties of the signals —such as 

rojective filtering methods [41] or Periodic Component Analysis 

 πCA) [42] — are worth developing. Additionally, another strategy 

ased on the estimation and removal of the T-wave in MRAT has 

een recently proposed [23] , which would also be of great interest 

f it could robustly retrieve a complete atrial cycle in patients with 

 stable AV conduction ratio of 2:1. 

.1. Study limitations 

We are aware of the low number of patients per group involved 

n this study. Nonetheless, statistically significant results were ob- 

ained, which are expected to improve by adding new data, e.g. 

ith further multicentric studies. 

Regarding our simulation model, we employed a geometrical 

pproach, as decribed above. Although this allows us full control 

f the parameters involved and a thorough evaluation of the prop- 

rties of the methods, it does not arise from a physiological phe- 

omenon. Further studies with in-silico 3D models of atrial ac- 

ivations according to Courtemanche modelling of ionic mecha- 

isms and numerical computation of the VCG by means of the 

orward problem could provide different patterns associated with 

ifferent macroreentrant circuits [43] . In turn, the simulated VCG 

oops could be compared to their corresponding archetypes ob- 

ained from real data. 

Finally, we are also constrained to the inherent limitations of 

he system for signal acquisition and cardiac mapping (CARTO®3, 

iosense Webster). Novel high density acquisition systems such 
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Fig. 9. Slow velocity intervals detected from the velocity profile of a typical AFL (bottom) are highlighted on the temporal EGM sequence (dark grey), and extrapolated to 

segments with ventricular activity (light grey). These intervals matched with the activation timing at the electrodes located on the CTI (MP 1-2,3-4 and 5-6). 
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s the Advisor TM HD Grid Mapping Catheter (Abbott Laboratories) 

r RHYTHMIA HDx TM (Boston Scientific) are able to collect, dis- 

lay and analyse higher resolution data. These techniques consti- 

ute very promising alternatives for a better and more accurate 

haracterisation of the electrophysiological substrate and, hence, 

ay provide improved and clinically meaningful information for 

he management of MRATs [44,45] . 

. Conclusions 

A non-invasive methodology is proposed to characterise differ- 

nt MRAT circuits from ECG recordings. The proposed method is 

ased on the VCG, and more precisely, on the evaluation of the 

oop trajectory. This study shows how different VCG loops present 

ome similarities between the same MRAT group. Moreover, this 

ool reflects sites with slow velocity, consistent with slow con- 

uction regions, prominent in the macroreentrant circuit. The pro- 

osed approach can help to better identify the MRAT type in a 

on-invasive way. Having this information prior to the ablation 
13 
rocedure would be valuable in order to improve the planning and 

anagement of medical interventions. 
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ppendix A. VCG loop alignment 

Defining each individual loop by the triplet ( X k , Y k , Z k ) , where 

 bold typeface vector is composed of all time samples and k = 

 . . . K, a least square minimisation approach is considered. Un- 

ike the model in Sörnmo [46] , each individual loop is simply as- 

umed to be a noisy observation of a time shifted reference loop 

 X 

{ r} 
, Y 

{ r} 
, Z 

{ r} ) . The noise level is assumed to be identical what-

ver the lead and the patient, providing the simple least square 

xpression: 

ˆ 
 1 , . . . , ˆ d K , ̂  X 

{ r} 
, ̂  Y 

{ r} 
, ̂  Z 

{ r} = arg max 
d 1 , ... ,d K , X 

{ r} 
, Y 

{ r} 
, Z 

{ r} 
(J) 

ith 

 = 

∑ 

k 

(∥∥∥X k − X 

{ r} 
d k 

∥∥∥2 

+ 

∥∥∥Y k − Y 

{ r} 
d k 

∥∥∥2 

+ 

∥∥∥Z k − Z 

{ r} 
d k 

∥∥∥2 
)

= 

∑ 

k 

(
X 

T 
k X k + Y 

T 
k Y k + Z 

T 
k Z k − 2 X 

T 
k X 

{ r} 
d k 

− 2 Y 

T 
k Y 

{ r} 
d k 

−2 Z 

T 
k Z 

{ r} 
d k 

+ X 

{ r} T 
d k 

X 

{ r} 
d k 

+ Y 

{ r} T 
d k 

Y 

{ r} 
d k 

+ Z 

{ r} T 
d k 

Z 

{ r} 
d k 

)
ith this formulation, the shifts d k ’s operates on the reference 

oop. Using the property that each record is a loop, the expression 

an be replaced and simplified by: 

 = 

∑ 

k 

(
−2 X 

T 
k, −d k 

X 

{ r} − 2 Y 

T 
k, −d k 

Y 

{ r} − 2 Z 

T 
k, −d k 

Z 

{ r} 

+ X 

{ r} T X 

{ r} + Y 

{ r} T Y 

{ r} + Z 

{ r} T Z 

{ r} ) + C 

here C stands for a constant. In order to minimise the criteria J

he derivation with respect to each reference loop is given by: 

∂ J 

∂ X 

{ r} = 

∑ 

k 

(
−2 X k, −d k 

+ 2 X 

{ r} )
∂ J 

∂ Y 

{ r} = 

∑ 

k 

(
−2 Y k, −d k 

+ 2 Y 

{ r} )
∂ J 

∂ Z 

{ r} = 

∑ 

k 

(
−2 Z k, −d k 

+ 2 Z 

{ r} )

eroing each expression provides the solutions: 

ˆ 
 

{ r} = 

1 

K 

∑ 

k 

X k, −d k 

ˆ Y 

{ r} = 

1 

K 

∑ 

k 

Y k, −d k 

ˆ Z 

{ r} = 

1 

K 

∑ 

k 

Z k, −d k 

It can be shown that when replacing these solutions in J we get: 

 = C − ˆ X 

{ r} T 
ˆ X 

{ r} − ˆ Y 

{ r} T 
ˆ Y 

{ r} − ˆ Z 

{ r} T 
ˆ Z 

{ r} 

= C − ‖ ̂

 X 

{ r} ‖ 

2 − ‖ ̂

 Y 

{ r} ‖ 

2 − ‖ ̂

 Z 

{ r} ‖ 

2 

eaning that the minimisation of J is equivalent to maximise the 

um of the energy of the resynchronised averaged leads. That is: 

ˆ 
 1 , . . . , ˆ d k = arg max 

d 1 , ... ,d k 

(‖ ̂

 X 

{ r} ‖ 

2 + ‖ ̂

 Y 

{ r} ‖ 

2 + ‖ ̂

 Z 

{ r} ‖ 

2 ) 

We propose using an iterative scheme to get the solution 

f this maximisation. The delays d k ’s are sequentially selected 

ver an interval corresponding to the length of the loop in or- 

er to maximise the criteria. After the selection of the last de- 

ay d k the global process is repeated until convergence. Note 

hat using the estimated delays not only the loop are temporally 

ligned but also the estimated reference loops X 

{ r} 
, Y 

{ r} 
, Z 

{ r} are 

rovided. 
14 
upplementary material 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.cmpb.2021.105932 
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32] C.D. Giurc ̆aneanu , I. T ̆abu ̧s , Ş . Mereu ̧t ̆a , Using contexts and R − R interval es-

timation in lossless ECG compression, Comput. Methods Prog. Biomed. 67 (3) 
(2002) 177–186 . 

33] M. Lemay , J.-M. Vesin , A. Van Oosterom , V. Jacquemet , L. Kappenberger , Can-
cellation of ventricular activity in the ECG: evaluation of novel and existing 

methods, IEEE Trans. Biomed. Eng. 54 (3) (2007) 542–546 . 
34] D. Acharya , A. Rani , S. Agarwal , V. Singh , Application of adaptive Savitzky–Go-

lay filter for eeg signal processing, Perspect. Sci. 8 (2016) 677–679 . 

35] A. Aranda , P. Bonizzi , J. Karel , R. Peeters , Performance of Dower’s inverse trans-
form and frank lead system for identification of myocardial infarction, in: 2015 

37th Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society (EMBC), IEEE, 2015, pp. 4 495–4 498 . 

36] R. Jaros , R. Martinek , L. Danys , Comparison of different electrocardiography 
with vectorcardiography transformations, Sensors 19 (14) (2019) 3072 . 

37] F. Castells , P. Laguna , L. Sörnmo , A. Bollmann , J. Millet-Roig , Principal compo-

nent analysis in ECG signal processing, EURASIP J. Adv. Signal Process. (2007) . 
15 
38] G. Liu , H. Yang , Multiscale adaptive basis function modeling of spatiotem- 
poral vectorcardiogram signals, IEEE J. Biomed. Health Inform. 17 (2) (2013) 

4 84–4 92 . 
39] M.H.B.K. Azman , Novel pre-interventional atrial flutter localization tool for 

the improvement of radiofrequency ablation efficacy, COMUE Université Côte 
d’Azur (2015-2019); Universiti Kuala Lumpur (Malaisie), 2019 Ph.D. thesis . 

40] M. Stridh , L. Sornmo , Spatiotemporal QRST cancellation techniques for analysis 
of atrial fibrillation, IEEE Trans. Biomed. Eng. 48 (1) (2001) 105–111 . 

[41] T. Przybyła, M. Kotas, J. Łski, On clustering based nonlinear projective filter- 

ing of biomedical signals, Biomed. Signal Process. Control 44 (2018) 237–246, 
doi: 10.1016/j.bspc.2018.04.009 . 

42] T. Oesterlein, G. Lenis, A. Luik, C. Schmitt, O. Doessel, Periodic component 
analysis to eliminate ventricular far field artifacts in unipolar atrial electro- 

grams of patients suffering from atrial flutter, 2014, pp. S162–S165, doi: 10. 
1515/bmt- 2014- 4067 . 

43] G. Luongo, S. Schuler, M.W. Rivolta, O. Doessel, R. Sassi, A. Loewe, Automatic 

classification of 20 different types of atrial tachycardia using 12-lead ECG sig- 
nals, EP Europace 22 (Supplement_1) (2020), doi: 10.1093/europace/euaa162. 

048 . Euaa162.048 
44] D. Frisch, Identifying a gap in a cavotricuspid isthmus flutter line using 

the advisor TM HD grid high-density mapping catheter, J. Innov. Card. Rhythm 

Manag. 10 (2019) 3919–3922, doi: 10.19102/icrm.2019.111202 . 

45] M. Takigawa, N. Derval, A. Frontera, R. Martin, S. Yamashita, G. Cheniti, K. Vla- 

chos, N. Thompson, T. Kitamura, M. Wolf, G. Massoullie, C.A. Martin, N. Al- 
Jefairi, S. Amraoui, J. Duchateau, N. Klotz, T. Pambrun, A. Denis, F. Sacher, 

H. Cochet, M. Hocini, M. Haïssaguerre, P. Jais, Revisiting anatomic macroreen- 
trant tachycardia after atrial fibrillation ablation using ultrahigh-resolution 

mapping: implications for ablation, Heart Rhythm 15 (3) (2018) 326–333, 
doi: 10.1016/j.hrthm.2017.10.029 . 

46] L. Sörnmo , Vectorcardiographic loop alignment and morphologic beat-to-beat 

variability, IEEE Trans. Biomed. Eng. 45 (1998) 1401–1413 . 

http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0027
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0027
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0027
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0027
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0027
https://doi.org/10.1111/anec.12206
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0030
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0030
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0030
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0030
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0030
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0031
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0032
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0032
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0032
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0032
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0033
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0034
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0034
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0034
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0034
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0034
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0035
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0035
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0035
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0035
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0035
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0036
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0036
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0036
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0036
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0037
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0038
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0038
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0038
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0039
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0039
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0040
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0040
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0040
https://doi.org/10.1016/j.bspc.2018.04.009
https://doi.org/10.1515/bmt-2014-4067
https://doi.org/10.1093/europace/euaa162.048
https://doi.org/10.19102/icrm.2019.111202
https://doi.org/10.1016/j.hrthm.2017.10.029
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0046
http://refhub.elsevier.com/S0169-2607(21)00006-7/sbref0046

	Non-invasive characterisation of macroreentrant atrial tachycardia types from a vectorcardiographic approach with the slow conduction region as a cornerstone
	1 Introduction
	2 Study design
	3 Materials
	3.1 Synthetic data
	3.2 Clinical data

	4 Methods
	4.1 Preprocessing
	4.1.1 Atrial VCG loops computing
	4.1.2 VCG loop consistence
	4.1.3 Averaged VCG loops

	4.2 VCG archetypes
	4.3 Characterisation of VCG loops
	4.3.1 Similarity between VCG loop pairs
	4.3.2 Identification of the Most Similar archetype
	4.3.3 Slow conduction velocity regions
	4.3.4 Complexity of the pathway: quantification of bending traces

	4.4 Statistical analysis
	4.4.1 Synthetic VCGs
	4.4.2 Real data


	5 Results
	5.1 Synthetic data
	5.1.1 Comparison between groups
	5.1.2 Influence of the slow regions
	5.1.3 Complexity

	5.2 Real data
	5.2.1 Intra-patient consistence
	5.2.2 Similarity with archetypes
	5.2.3 Analysis of slow regions
	5.2.4 Loop complexity


	6 Discussion
	6.1 Study limitations

	7 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A VCG loop alignment
	Supplementary material
	References


