
Table 1. Advantages and disadvantages of uni-, bi-, and multipolar EGMs. 

 

LAT: local activation time; CV: conduction velocity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EGM Advantages Disadvantages 

Unipolar • LAT: inambiguous, wavefront 

direction independent 

• Morphology: information on 

wavefront characteristics 

• sensitive to remote electrical activity 

Bipolar • insensitive to remote electrical activity • LAT: ambiguous  

• Morphology: depends on interelectrode 

distances, CV, wavefront direction 

Multipolar 

 

 

• insensitive to remote electrical activity 

• LAT: less ambiguous, less wavefront 

direction dependent than bi-EGM 

• Amplitude: less wavefront direction 

dependency than bi-EGM 

• Loss of spatial resolution 

• additional computational efforts 

• electrode distance should be < 1 mm 

(Laplacian only) 

• specialized dedicated electrode array, 

electro-anatomical mapping systems. 



Analytic 
Technique 

Rationale Assumption Principal 
issue (s) 

Processing 
requirements 

Real-time 
use 

 

Evidence  Clinical Status 

LAT maps temporo-spatial 
sequencing 

EGM reflect 
unique discrete 
myocardial 
depolarisation  

sequencing  
mechanism; 
3D simplified to 
2D 

AD conversion, 
data storage, 
Limited 
algorithmic 
processing 

nearly  
real-time  

Extension of 
organized 
tachyarrhythmias; 
animal AF models  

data supporting 
clinical feasibility 
but not ablation  

Voltage 
maps 

delineation of 
electrically 
inactive/less 
active areas 
based on EGM 
voltage 

reduced EGM 
voltages reflect 
de-
synchronisation 
and fibrous tissue 

multiple 
possible 
confounders of 
EGM voltage  

minimal yes Fibrosis, 
scarring in animal 
ventricular infarct 
models  

easily available, 
but not ‘well 
established’  

CFAE maps short interval 
multi-deflection 
or continuous 
EGM 
representing 
driver sources, 
reentry 

CFAEs represent 
multi-wavelet 
driver sources not 
passive fibrillatory 
conduction 

multiple 
definitions of 
CFAE; lack of 
convincing 
evidence of 
driver role 

minimal  yes human AF 
epicardial 
mapping, some 
outcomes of CFAE 
based ablation  

easily available 
but no 
standardised 
definition; also 
not ‘well 
established’ 

Density 
Charge 
Maps 

improved 
resolved local 
activation 
compared to 
EGM voltage 

mathematical 
derivation of 
endocardial 
surface projected 
EGM from non-
contact U-EGM 
and corrected for 
‘charge density’ 
promising lesser 
far-field effects  

mathematical 
assumptions 
involving 
reconstructed 
EGM  
prominent 
effects of 
distance - 
accuracy and 
validation 
concerns – 
reminiscent of a 
legacy non-
contact 
mapping 
technology 

substantial and 
proprietary 

sufficiently 
rapid to be 
usable in 
the EP lab 

limited 
correlations with 
contact mapping 
in AF and SR 

single beat 
‘panoramic’ 
chamber mapping 
ability attractive 
but  further 
validation of 
complex 
activation needed 

Rotor 
Maps 

phase 
‘reconstruction’ 
without LAT 
determination 
allows 
detection of 

rotors – a type of 
functional reentry 
- the main driver 
source(s) which 
are not 
detectable 

phase mapping 
a form of low 
pass smoothing 
of low 
resolution U-
EGMs 

proprietary 
algorithm, opaque 
processing  

sufficiently 
rapid to be 
usable in 
the EP lab 
but with 

experimental 
studies, typically 
with action 
potential based 
optical mapping 

controversial 
outcomes of 
ablation; non-
standardised 
interpretation of 
phase maps 



Table 2. Summary of signal 

processing technologies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

functional 
reentry without 
central in-
excitable 
obstacle as 
preferential 
drivers  

without phase 
reconstruction 

underlying 
algorithm 
favours 
rendition of 
rotational 
activation  

offsite 
processing 

Body 
surface 
maps 

ECG inversion 
allows 
noninvasive 
EGM 
reconstruction 

Mathematical 
model of the 
thorax 
conductivity; 
anatomy obtained 
from MRI or CT 

Numerical 
instability, poor 
resolution/time 
domain fidelity, 
motion 
artefacts 

Large and mostly 
proprietary 

sufficiently 
rapid to be 
usable in 
the EP lab 
but with 
offsite 
processing 

Experimental and 
clinical evidence  

Single beat EGM 
reconstruction of 
the entire heart at 
relatively low 
resolution;  
further validation 
needed 

Machine 
learning/ 

AI 

EGM based 
training (big) 
data used by 
machines with a 
learning 
algorithm to 
identify drivers 

input data sets 
contain (a) valid 
envisaged 
solutions 

optimal gold 
standard for 
training yet to 
be identified; 
decision making 
tree opaque 

large  intended 
for use in 
the lab with 
offsite 
processing 

Identifying drivers 
in AF 
computational 
models 

undetermined 



Table 3. Complex fractionated electrograms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variations in Recording Methodology Variations in definition 

• Bi-EGM • Number of deflections 

• U-EGM • EGM duration 

• Endocardial EGM • Interval duration between deflections 

• Epicardial EGM • No. of short duration intervals between deflections 

• Electrode sizes • Amplitudes of deflections 

• Inter-electrode spacings • Slopes of deflections 

• Filter settings • Number of polarity changes of deflections 

• Sampling rates  

• Rhythm/rate 



 

Table 4. Summary of the different AF detection algorithms. 

Type of CIED Sensed signal Methodology of AF detection 

Dual chamber 

Pacemaker/ICD 

atrial EGM The current PP interval of each beat is measured and the filtered atrial rate interval (FARI) is calculated. 

When FARI is less than the atrial tachycardia detection rate interval, AF is detected and the auto mode switch 

starts. This algorithm often overdiagnoses AF due to RNRVAS, particularly when the AF suppression 

algorithm is ON. In the most recent version of these pacemakers, P waves falling in the post ventricular atrial 

refractory period are not taken into account in the FARI calculation when they are followed by atrial pacing, 

which prevents detecting RNRVAS as AF.   
atrial EGM AF is detected when the PP intervals in 3-8 out of 8 consecutive atrial cycles are less than the programmed 

PP interval. In the case of atrial tachycardia with 2:1 AV conduction, P waves often fall within the window of 

far-field protection, in which P waves are not taken into account for the atrial event rate, and atrial 

tachycardia is not detected (2:1 Lock-In). When specific criteria are met the atrioventricular delay is 

increased by the programmed far-field protection interval. If the P wave does not move with the ventricular 

paced events, atrial tachycardia is confirmed. Then, the pacemaker switches to a non-atrial tracking mode. 

atrial EGM PP intervals are continuously monitored. If a PP interval is faster than the ATR (Atrial Tachy Response) rate, 

the Entry Counter is incremented by 1 for each P wave. If a PP interval is slower than the ATR rate, the Entry 

Counter is decremented by 1. Once the counter reaches the programmed entry count (1-8), the duration starts.   
atrial EGM AF is detected when 4 out of 7 consecutive atrial intervals are shorter than the programmed AT/AF intervals. 

atrial EGM One or both the following conditions are needed for AF detection: 1) the median of 12 consecutive atrial 

intervals is shorter than the programmed AT/AF interval, 2) the AT/AF counter is ≥3; the AT/AF counter is 

incremented by 1 point, each time ≥2 atrial events are sensed between one RR interval.  

atrial EGM The window of the atrial rate acceleration detection (WARAD) is used for the assessment of atrial 

prematurity. The WARAD is defined as the PP interval X 0.625 (if the atrial rate is ≥80/min) or 0.75 (if the 

atrial rate is <80/min). The primary criterion for the AF detection is the detection of a P wave within the 

WARAD in 28 out of 32 consecutive ventricular cycles. The secondary criterion is the P wave detection 

within the WARAD in ≥18 cycles of the last 2 sets of 32 consecutive ventricular cycles.  



 

All ILR algorithms showed a sensitivity and specificity ranging from 96% to 100% and 67% to 86%, respectively for detection of AF episodes. 

AF: atrial fibrillation; AT: atrial tachycardia; EGM: electrogram; ICD: implantable cardioverter defibrillator; ILR: implantable loop recorder; RNRVAS: 

repetitive non-reentrant ventriculo-atrial synchrony. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Single chamber 

ICD 

ventricular 

EGM 

Irregularity of RR intervals in Lorenz Plots. 

ILR P wave & R 

wave 

Irregularity of RR intervals, sudden onset, and absence of P waves. 

R wave Irregularity of RR intervals and ectopy rejection algorithm. 

P wave & R 

wave 

Irregularity of RR intervals, absence of P waves and AF self-learning algorithm. 



Table 5. AF and potential applications of ML.  

Holter long term/CIEDs  • determining AF burden 

12-lead ECG 
 

• P-wave detection and delineation 

• Dominant frequency determination 

• Finding episodes of AF 

• Identification of patients with AF while measuring 
during sinus rhythm 

Body Surface Potential Map • Identification and localization, ectopic beats,  
rotors and  regions of high dominant frequency 

• ML-enhanced solutions of the inverse problem 
(ECGi) 

Single or multichannel EGM • Estimation of proximity of electrodes to 
endocardial wall 

• Identification and delineation of time windows 
with high activity  

• Identification and localization of regions of low 
voltage or slow conduction 

• Identification and localization of lines of block 

• Estimating the vulnerability of the atria to develop 
AF in future 

• Identification of far fields 

LE-Gd-MRI • Identification of areas with high fibrosis with ML 
enhanced image processing 

• Estimate the risk of clinical events 

General objectives with as many 
input channels as possible 
 

● Quantification of the degree of disease for AF 
● Prediction of disease progression 
● Prediction of ablation outcome 
● Recommendation of the optimal ablation strategy 

 



 

Table 6. Assessment of electrical activity during atrial fibrillation. 

 

  

• Combined usage of U-EGM and Bi-EGM For AF 

mapping, is advisable as they provide complementary 

information.  

• Experience with multipolar EGM for AF mapping is 

limited and their clinical advantages over U-EGM and 

Bi-EGM needs to be elucidated. 

 
 
 

• Filtering should be minimally applied during AF 

mapping. 

 
 

• Global mapping requires extensive data interpolation 

and maps should be interpreted cautiously. 

 

• Methodology of LAT determination should be 

described in detail in scientific reports. 

 

• Voltage maps are influenced by many variables and 

are therefore less suitable to identify the substrate 

underlying AF. 

 

• Although CFAE can be used as targets for ablative 

therapy, currently existing definitions of CFAE and 

recording methodologies have not been standardized 

and they are therefore at present not suitable to 

identify the substrate underlying AF. 

 

• The value of artificial intelligence guided substrate 

identification, dipole density maps, entropy graphs 

rotational activity, high atrial rates, areas of slow 

conductions as tools or targets for substrate guided 

 

c 

  

  

  

  



AF ablation procedures needs to be further 

elucidated.  

• Optical mapping (applicable to ex vivo human hearts 

and large animal models only) and epicardial 

mapping are valuable tools for investigating AF 

mechanisms. 

 

• AF detection algorithms in CIEDs can be further 

improved by combining RR-irregularities with 

Pwave features during long-term monitoring 

 

 

Green heart: scientific evidence that treatment or procedure is beneficial and effective. Requires at least one randomized trial, or is supported by strong 

observational evidence and authors’ consensus. 

 

Yellow heart: general agreement and/or scientific evidence favour usefulness/efficacy of treatment or procedure. May be supported by randomized trials based 

on small number of patients or not widely applicable.  
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Supplemental Table 1. Variables affecting peak-to-peak amplitudes of U- and Bi-EGM. 

 
 

 

Peak-to-peak amplitude (A) 

U-EGM and Bi-EGM Effect Impact  Bi-EGM Effect Impact 

• Intracellular resistances   • Inter-electrode 

distances 

 Variable 

• Extracellular resistances   • Angle  

(activation 

wavefront - 

electrodes) 

/ Parallel to the 

electrode pair: 

largest A 

Perpendicular:  

smallest A 

• Area dipole layer     

• Tissue properties  

(e.g. fibrosis) 

  

• Tissue volume   

• Distance between dipole - 

electrode 

  

• Electrode-tissue contact   

• Filtering   

• Sampling    

• Rate/rhythm   


