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ABsTRACT

Background: Early detection and treatment of atrial fibrillation (AF) can potentially pre-
vent cardiovascular complications. Unfortunately, current clinical, echocardiographic, 
and electrocardiographic (ECG) parameters fail to discriminate between patients with 
and without a history of AF.

objective: To identify new ECG-derived parameters recorded during sinus rhythm that 
differentiate between patients with and without AF history.

Methods: Body surface potential mapping was performed for 10 minutes in patients 
with and without AF history. We computed several known P-wave parameters on signal 
averaged P-waves and compared them with newly developed parameters. Furthermore, 
we investigated which leads showed the highest discriminating power.

Results: We included 123 patients with a history of AF from the AF-RISK Study (62% 
male with a mean age of 59 ± 9 years) and 137 individuals without AF from the Maastricht 
Study (62% male with a mean age of 60 ± 8 years). A higher average number of discern-
ible peaks in the P-wave and larger P-wave terminal force in lead V1 were independently 
associated with a history of AF (P=0.004 and P=0.016 respectively). The number of peaks 
in each P-wave and its discriminative power were not equally distributed over the body 
surface. The highest discriminative power was found on the high left posterior side of 
the thorax.

Conclusion: A higher number of peaks in the P-wave and larger P-wave terminal force 
in lead V1 can differentiate between patients with and without an AF history. Especially 
leads located on the high left posterior side of the thorax show prominent differences.

Keywords: Atrial fibrillation, Electrocardiography, P-wave
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CondEnsEd ABsTRACT

Body surface potential mapping was performed in patients with and without an atrial 
fibrillation (AF) history. A higher number of peaks in the P-wave and larger P-wave ter-
minal force in lead V1 can differentiate between these patients. Especially leads on the 
high left posterior side of the body surface show prominent differences.
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what’s new?
•	 Peaks	within	the	P-wave	can	distinguish	between	patients	with	and	without	a	history	

of atrial fibrillation.
•	 Leads	located	on	the	high	left	posterior	side	of	the	thorax	discriminate	best	between	

patients with and without AF.
•	 Leads	located	cranially	of	the	leads	V7-V8	contain	information	about	the	late	activa-

tion of the left atrium.
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InTRoduCTIon

Atrial fibrillation (AF) is associated with an increased mortality and morbidity, for ex-
ample due to an increased stroke risk.1 Many AF episodes are asymptomatic and remain 
undetected, but still increase stroke risk. As a consequence, stroke can be the first clini-
cal manifestation of AF.2 Early detection together with adequate treatment might reduce 
stroke and other cardiovascular complications.3 Several electrocardiographic (ECG) 
parameters have been used to predict AF, with P-wave duration (PWD) and PR-interval 
being the most frequently studied. A longer PWD predicted incident AF in previously 
undiagnosed patients but unfortunately did not add predictive power over clinical pa-
rameters associated with AF development.4,5 The PWD is a surrogate parameter for the 
total atrial activation time. Prolongation of the PWD and PR-interval indicate a global 
conduction slowing but ignore possible subtle (regional) conduction disturbances. A 
parameter that incorporates local irregularities within the P-wave on standard or alter-
native lead positions might pick up these more subtle regional conduction disturbances 
and help to identify patients likely to develop AF.

The main objective of this study was to compare a wide variety of P-wave parameters in 
patients with and without a history of AF to identify P-wave parameters that might be 
associated with prevalent AF. We hypothesised that parameters that are able to detect 
more subtle conduction slowing are associated with a history of AF. Furthermore, we 
compared leads from the entire surface of the chest to identify the optimal lead position 
to quantify these abnormalities.

METhods

Patient population
Patients with a history of AF were recruited from the AF-RISK study, an observational, 
prospective, multicentre study to identify risk factors associated with success of rhythm 
control therapy in patients with short-lasting symptomatic paroxysmal or persistent 
AF. Short-lasting paroxysmal AF was defined as AF spontaneously terminating within 
7 days, with a total AF history <2 years or <3 years in case of ≤2 episodes of ≤48 hours 
per month. Short-lasting persistent AF was defined as AF lasting between 7 days and 
1 year with a total AF history <2 years. Patients had no contraindications for oral anti-
coagulation. Exclusion criteria included: postoperative AF, acute coronary syndrome or 
coronary intervention within the last month, severe valvular disease and a total history 
of heart failure >3 years. For the present study we included patients between 40 and 75 
years of age with a complete body surface potential map (BSPM) and excluded patients 
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with a previous AF ablation, with (partial) atrial pacing during the recordings, or poor 
quality BSPM.

Individuals without AF were recruited from the Maastricht Study, an observational, 
prospective, population-based cohort study. The rationale and methodology have been 
described in detail previously.6 In brief, the study focuses on the aetiology, pathophysi-
ology, complications, and comorbidities of type 2 diabetes. Individuals aged between 
40 and 75 years in whom data was available for analysis were eligible for inclusion. In 
the present study we only included individuals without a history of AF and without AF 
on a recent 24-hour Holter. We included patients with a complete BSPM, which was 
not available in all patients for logistical or technical reasons. Poor quality recordings 
were excluded. Both studies have been approved by the local ethic committees and all 
patients provided written informed consent.

BsPM recording and analysis of signal averaged P-waves
The BSPM was recorded with 184 surface electrodes recorded using a Biosemi ActiveTwo 
amplifier (Biosemi, Amsterdam, The Netherlands). The Wilson Central Terminal was used 
as reference for each electrode. Signals were low-pass filtered at 419Hz and digitized 
with a 2048Hz sampling frequency and 0.03µV resolution. A 50Hz notch filter was used 
to suppress power-line interference. No high-pass filter was used during the recording or 
signal processing. The analyses were performed using custom-made MATLAB software 
(R2013b, MathWorks Inc. Natick, MA, USA). Signal quality was inspected visually and 
electrodes with poor contact were removed. After R-peak detection a patient specific 
P-wave detection interval preceding the R-peak was selected. Baseline wandering was 
removed by linear interpolation. All individual P-wave intervals were aligned in time us-
ing Pearson correlation. Intervals with a correlation coefficient with the average P-wave 
below 0.9. This procedure was repeated until the average P-wave converged and no 
intervals were discarded. Alignment was performed on the sum of the squared electrode 
signals to further reduce the effect of noise in individual leads.7 For each subject, a mean 
number of 601 ± 114 P-waves were averaged. A median of 12 [5 – 37] P-waves did not 
meet the 0.9 correlation threshold. The P-wave parameters were computed on these 
signal averaged P-waves.

P-wave parameters
The PWD and PR-interval were computed on the average root mean squared P-wave of 
all included leads. The annotation of the start and end of the unfiltered averaged P-wave 
was done manually. The area of the averaged P-wave was computed within this interval, 
as well as the amplitude, which was defined as the difference between the minimum 
and maximum value of the averaged P-wave. As a measure of P-wave complexity, peaks 
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were detected and counted on the averaged P-wave of each electrode separately. A peak 
was defined as a positive or negative separate notch in the P-wave with a minimum 
amplitude of 10% of a reference amplitude, calculated as the mean amplitude of the av-
erage P-wave at each electrode of all patients combined. P-wave complexity, area, and 
amplitude were computed both as a single value for each electrode and as a mean value 
over the whole body surface. The P-wave terminal force in lead V1 (PTFV1) is a frequently 
studied parameter derived from the 12 lead ECG and was computed as the integral of the 
terminal negative part of the P-wave, only in lead V1.

Orthogonal lead parameters
The X, Y and Z leads were constructed using the BSPM. Three distinct morphological P-
wave patterns can be identified using these orthogonal leads.8 Type 1 with a positive P-
wave in leads X and Y and a negative P-wave in the Z-lead. Type 2 with a positive P-wave 
in the X and Y leads but a biphasic P-wave in the Z-lead. Type 3 with positive P-wave in 
the X-lead and a biphasic P-wave in the Y and Z-leads.8 The P-wave morphology was 
considered atypical if it did not fit any of these definitions.8 Furthermore, the absolute 
areas of the X, Y and Z-leads as well as their combined area were calculated.

Electrocardiographic imaging
To study how differences between P-waves on different locations on the surface of the 
chest relate to the atrial activation pattern, we compared atrial epicardial activation 
maps that were estimated by non-invasive electrocardiographic imaging (ECGI) with 
the P-wave morphology. ECGI can reconstruct electrograms at the epicardium from a 
large set of body-surface electrograms combined with accurate heart and body-surface 
geometries. The relation between electrical heart activity and its projection on the body 
surface depends on the torso-heart geometry and thoracic conductivities. By reversing 
this relationship in an inverse procedure, the cardiac source potentials are calculated 
from the recorded body-surface potentials. From these reconstructed epicardial elec-
trograms activation isochrone maps are created by defining the moment of activation 
as the maximum negative slope for each epicardial electrogram.9 For the present study, 
we performed ECGI in three additional individuals without a history of AF. Body surface 
potentials were recorded with the same system as described earlier, and computed 
tomography (CT) was performed to create a patient-specific torso-heart geometry. The 
averaged body-surface P-waves were used to compute epicardial activation isochrones 
on the atria.
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sTATIsTICAl AnAlysIs

Continuous variables are reported as mean ± standard deviation or median and range. 
Comparison between groups was performed using a Student’s t-test or Mann-Whitney 
U test, the latter for non-normally distributed data. Categorical variables are reported 
as number and percentage and are compared using the chi-square test. Multivariable 
analysis was performed using backward logistic regression analysis. All parameters 
with a P-value of <0.1 between the two groups were considered to be included in the 
multivariate analysis. If – based on pathophysiological reasoning - an effect on the ECG 
parameters appeared to be reasonable they were included in the multivariate model. 
Clinical characteristics included in the multivariate model were diabetes mellitus, hy-
pertension, β-blocker therapy and anti-arrhythmic drugs (AAD). Both diabetes mellitus 
and hypertension can induce structural changes in the atrial tissue (i.e. fibrosis and 
cellular hypertrophy). β-blockers and AADs influence conduction and therefore alter 
P-wave parameters. Statistical analyses were performed with IBM SPSS statistics 21. A 
P-value of <0.05 was considered statistically significant.

REsulTs

We included 123 patients with a history of AF (62% male with a mean age of 59 ± 9 years) 
and a control group of 137 individuals (62% male with a mean age of 60 ± 8 years) with 
no known AF history. Baseline characteristics are reported in table 1. Overall patients 
had a low clinical cardiovascular risk profile, patients without AF more frequently had 
diabetes mellitus because of the nature of the control cohort. Patients with AF more 
frequently used beta-blockers, AADs and ACE-inhibitors/angiotensin receptor blockers 
as part of their AF treatment. AF patients had higher left atrial volumes and lower but 
still normal left ventricular ejection fractions.

univariate differences
Averaged P-wave characteristics
Table 2 shows differences in P-wave parameters between AF patients and the controls. 
Discussed are the P-wave parameters with highly significant differences between the 
groups. The averaged P-wave was longer in patients with AF compared to the control 
population (p<0.001). The PTFV1 was larger in patients with a history of AF (p<0.001). The 
mean number of peaks of all surface electrodes was higher in patients with a history of 
AF (p<0.001).
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A longer PWD predicted a history of AF with an area under the receiver operating charac-
teristic (ROC) curve (AUC) of 0.72. The optimal cut-off, determined from the ROC curve, 
was 116ms and discriminated between AF and SR with a 68% sensitivity and 69% speci-
ficity. The commonly used cut-off of 120ms had a 59% sensitivity and 77% specificity. 
The PTFV1 had an AUC of 0.64, with a 56% sensitivity and 72% specificity at 2.13mVms. 
The mean number of peaks over the body surface predicted an AF history with an AUC 
of 0.65. The optimal cut-off of a mean of 2.61 peaks had a 63% sensitivity with a 58% 
specificity.

Orthogonal leads
The area of the three orthogonal leads combined was larger in patients with an AF 
history (p<0.001, AUC: 0.63). Furthermore, the morphology differed between the two 
groups. A type 2 morphology was most common in both groups, but a type 1 morphol-

Table 1. Baseline characteristics

AF history
n=123

no AF history
n=137

P-value

Age (y) 59±9 60±8 0.677

Male 76 (62%) 85 (62%) 0.966

Body mass index Kg/M2 27.6±4.5 27.5±4.4 0.786

hypertension 56 (46%) 77 (56%) 0.086

diabetes 6 (5%) 42 (31%) <0.001

stroke 8 (7%) 3 (2%) 0.084

Myocardial infarction 6 (5%) 12 (9%) 0.218

Peripheral artery disease 3 (2%) 3 (2%) 0.894

ChA2ds2-VAsc 1.5±1.2 1.8±1.3 0.054

AF-type

Paroxysmal 111 (90%) NA

Persistent 12 (10%) NA

Medication

Beta-blocker 71 (58%) 23 (17%) <0.001

diuretics 20 (16%) 22 (16%) 0.965

ACEI/ARB 54 (44%) 38 (28%) 0.006

Calciumantagonist 11 (9%) 15 (11%) 0.590

statin 41 (33%) 50 (37%) 0.593

AAd 20 (16%) 0 (0%) <0.001

Echocardiographic parameters

lVEF (%) 58 [55 -60] 60 [59-62] <0.001

left atrial volume (ml) 69 ± 23 59 ± 14 <0.001

Abbreviations: AAD: anti-arrhythmic drug , ACEI: ACE-inhibitors , ARB: angiotensin receptor blockers, LVEF: 
left ventricular ejection fraction.
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ogy was more frequently present in patients without a history of AF and a type 3 or 
atypical P-wave morphology in patients with a previous AF episode (p=0.017).

Spatial heterogeneity
Besides differences in averaged P-wave parameters we also observed regional differ-
ences in the discriminative power of the P-wave parameters. Figure 1 shows the spatial 
distribution of the color-coded AUC values for the discrimination between patients with 
and without a history of AF based on the number of peaks in the P-wave. The leads 
located around V5-V6 and cranially of leads V7-V8 show the highest AUC. Lead V6 had 
an AUC 0.68 with a 63% sensitivity and 71% specificity for the optimal cut-off. The lead 
cranially of lead V7 had an AUC 0.74 with a 65% sensitivity and a 73% specificity.

Multivariate analysis of averaged P-wave characteristics
After correction for covariates known to influence atrial conduction or P-wave pa-
rameters (diabetes mellitus, hypertension, β-blocker therapy and AAD) a larger mean 
number of peaks and larger PTFV1 remained independently associated with a history 
of AF (table 3). Left atrial volume (LAV) was only available in a subset of 205 individuals 
(103 AF patients). By also correcting for LAV only a larger PTFV1 remained independently 
associated with AF (p=0.02; OR 1.768 CI 1.082 – 2.889).

Table 2. P-wave parameters

AF history
n=123

no AF history
n=137

P-value

heart rate (bpm) 57 ± 8 64 ± 10 <0.001

P-waves used (n) 574 ± 107 626 ± 115 <0.001

Body surface leads

P-wave duration (ms) 123 ± 13 113 ± 12 <0.001

PR-interval (ms) 176 ± 25 170 ± 24 0.065

P-wave area (mV*ms) 3.09 ± 0.79 2.79 ± 0.66 0.001

P-wave terminal force V1 (mV*ms) 2.35 ± 1.0 1.87 ± 0.7 <0.001

Amplitude (mV) 0.073 ± 0.015 0.068 ± 0.014 0.011

Mean number peaks (n) 2.93 ± 0.80 2.51 ± 0.64 <0.001

orthogonal leads

P-wave area (mV*ms) 9.51 ± 2.40 8.37 ± 1.86 <0.001

Morphology 0.017

Type 1 17 (14%) 35 (26%)

Type 2 67 (55%) 75 (55%)

Type 3/ atypical 39 (32%) 27 (20%)
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Epicardial activation isochrones
ECGI consistently showed epicardial activation starting at the high right atrium (figure 
2). The latest atrial activation was found on the left atrial lateral wall. The figure also 
shows the surface P-waves of leads V1, V6 and V8. In all three examples the amplitude 
of the P-wave during right atrial activation was large in lead V1, smaller in lead V6 and 
hardly distinguishable from the zero-line in lead V8. Vice-versa, during left atrial activa-
tion the amplitude was largest in V8, suggesting that the lead V8 primarily reflects late 
left atrial activation.

dIsCussIon

We demonstrated that a higher number of peaks in the P-wave and a larger PTFV1 are 
independently associated with a history of AF. Importantly, not all surface locations 
harboured the same predictive information. Especially leads located on the back cranial 
to leads V7-V8 contain information discriminating between patients with or without a 
history of AF.

Figure 1. shows the distribution of the AUC for the number of peaks per electrode between patients with 
and without an AF history. The anterior thorax and abdomen is shown on the left and the posterior side on 
the right.

Table 3. Independent P-wave parameters

P-wave parameter unadjusted P-value oR 95% CI Adjusted P-value oR 95% CI

Peaks mean (n) <0.001 2.258 1.565 – 3.257 0.004 1.990 1.239 – 3.196

PTFV1 (mV) <0.001 1.901 1.397 – 2.588 0.016 1.701 1.105 – 2.617



66 Part 2

Assessment of remodeling of the atrium.

P-wave peak detection
We showed that patients with a history of AF have more complex P-waves than patients 
without known AF. Although one small previous study has shown more fractionated 
P-waves in patients with a history of AF,10 our understanding of the pathophysiological 
meaning of complex P-waves is very limited. A previous study showed more fractionated 
P-waves in patients with more atrial fatty infiltrations.11 Pericardial atrial fat can pro-
mote atrial fibrosis.12 Atrial fibrosis results in heterogeneities in conduction favouring 
re-entry and perpetuation of AF. A P-wave with a more complex pattern illustrated by 
more peaks might reflect a higher degree of (regional) atrial conduction disturbances. 
Atrial conduction disturbances could explain the higher likelihood of AF.

Added diagnostic value of leads besides the standard 12-lead ECG
A potential advantage of a BSPM over a standard 12-lead ECG is the additional spatial 
information that can be used to examine which regions of the chest surface differs most 
between patients. For example, although we showed that the mean number of peaks 

Figure 2. shows the epicardial activation of three individuals without a history of AF. The left panel shows 
the reconstructed atrial epicardial activation and corresponding surface P-waves of leads V1, V6 and V8. 
The right panel shows the posterior-anterior view from lead V8 of the second individual. Predominately the 
left atrium is located towards the electrode.
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from all electrodes combined identified patients with a previous AF episode, the predic-
tive performance did not outperform the PWD. However, leads located cranially to the 
leads V7-V8 performed better in the identification of patients likely to have experienced 
AF. Atrial fibrosis, epicardial fat, and conduction slowing are especially present in the 
left atrial posterior wall in AF.13,14 Our ECGI data demonstrate that P-waves in lead V8 pre-
dominantly reflect left atrial activation. This may well explain the discriminating power 
of the number of peaks in this body surface location. Others also found additional value 
of leads located on the back.15 However, there is a need for prospective studies on the 
predictive value of leads located on the back or the entire BSPM for incident AF.

Comparison with classic P-wave parameters
PWD is the most frequently studied P-wave parameter and is correlated with the left 
atrial activation time and low voltage.16 We confirm that a longer unfiltered signal 
averaged PWD identifies patients with an AF history.17 However, we used information 
from leads located all over the body surface which might have increased sensitivity and 
specificity. In longitudinal studies, a longer PWD also predicts new onset AF.4,18 However, 
the hazard ratios for AF development were small and provided no contribution beyond 
traditional risk factors for AF development.4 More advanced stages of interatrial block, 
i.e. a PWD > 120 ms and increasing number of biphasic P-waves in the inferior leads, 
improve risk prediction of atrial fibrillation.19 Another frequently studied parameter is 
the PR-interval. A long PR-interval is associated with development of AF.20 Surprisingly 
we found no significant difference in PR duration between patients with and without AF.

A recent study showed that the PTFV1 is increased by left atrial hypertrophy.21 In the pres-
ent study we showed that a higher PTFv1 is independently associated with a history of AF, 
possibly due to a thicker left atrium making it more vulnerable for AF.

orthogonal leads
Orthogonal leads can be used to describe the P-wave morphology in three dimensions.8 
In our study a type 1 ECG was more common in patients without AF history whereas a 
type 3 or atypical ECG morphology was more common in patients with a previous AF 
episode. A previous study showed that an abnormal P-wave ECG (other than type 1) 
was associated with an increased the risk for incident AF.8 This could be explained by a 
higher degree of interatrial conduction defects.

Clinical implications and future directions
As demonstrated by this and other studies characteristics of the P-wave might be useful 
to discriminate between patients with a known history of AF and patients without AF 
even in a population with a low cardiovascular risk profile. However, the main clinical 
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question is whether patients likely to develop AF can be identified using this technique, 
possibly in combination with clinical characteristics and serum biomarkers. Identifica-
tion of patients at risk for AF may result in more intense monitoring for AF episodes and 
thus potentially in earlier initiation of antithrombotic therapy. Our study also clearly in-
dicates that leads representing the left atrium and that are not included in the standard 
12-lead ECG might be of added value for the identification of these patients over a con-
ventional 12-lead ECG. These alternative P-wave parameters and leads should be used 
to test its power to predict AF development in future prospective studies. Furthermore, 
it would be worthwhile to study their predictive performances for either AF progression 
or response to treatment in a population with paroxysmal AF.

limitations
The most important limitation of the study is that the cases and controls in this study are 
from two different cohorts. As a result, unknown factors might have influenced the out-
come of this study. On the other hand, most clinical characteristics for which an effect 
on ECG parameters have been documented were included in our study and corrected 
for. Therefore, we believe that the differences between the groups are significant and 
plausible.

The control study mainly focuses on diabetes mellitus a known risk factor for AF and 
atrial conduction abnormalities. Despite the larger number of patients with diabetes in 
the control population, patients with AF had more profound atrial conduction distur-
bances.

A limitation is the need for signal-averaging and recording systems with a high sampling 
frequency to acquire the P-waves suitable for the peak detection. The recording of an 
averaged ECG is more time-consuming and therefore not frequently used in daily clinical 
practice. However, this technique might be worthwhile exploring if it shows to provide 
a more accurate identification of individuals who will develop AF over conventional 
10 seconds 12-lead ECGs. We used 184-lead BSPMs, this technique obviously requires 
longer and more dedicated preparation than a 12-lead ECG.

We used individuals without a known AF history and without AF on a 24 hour Holter 
monitor as a control population.

The ultimate goal is to identify patients likely to develop AF, but we do not have follow-
up data on the patients without an AF history. Therefore, we can only speculate on the 
ability of the parameters identified in this study for the development of AF. To overcome 
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the limitations of this study, there is a need for further research with patients from a 
large single cohort with a high likelihood of developing AF.

Conclusions
A higher irregularity of the P-wave, measured by the number of peaks within the P-wave, 
identifies patients with a previous history of AF. Particularly the number of peaks mea-
sured in leads located cranially of leads V7-V8 seem useful to identify these patients and 
outperform commonly used parameters such as the PWD.
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