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Aims

Methods
and results

Conclusion

Novel CineECG computed from standard 12-lead electrocardiogram (ECG) correlated the ventricular electric activ-
ity to ventricular anatomy. CineECG was never applied to reconstruct the spatial distribution of normal atrial elec-
tric activity into an atrial anatomic model.

From 6409 normal ECGs from PTB-XL database, we computed a median beat with fiducial points for P-and Q-
onset. To determine the temporo-spatial location of atrial activity during PQ-interval, CineECG was computed on a
normal 58-year-old male atrial/torso model. CineECG was projected to three major cardiac axes: posterior-
anterior, right-left, base-roof, and to the standard cardiac four-chamber, left anterior oblique, and right anterior ob-
lique (RAO) views. In 6409 normal subjects, during P-wave, CineECG moved homogeneously from right atrial roof
towards left atrial base (-54+14° in four-chamber view, 95+ 24° RAO view). During terminal PQ-interval, the
CineECG direction was opposite, moving towards left atrial roof (62+27° in four-chamber view, 78 £27° RAO
view). We identified the deflection point, where the atrial CineECG changes in direction. The time from P-onset to
deflection point was similar to P-wave duration.

CineECG provided a novel three-dimensional visualization of atrial electrical activity during the PQ-interval, relating
atrial electrical activity to the atrial anatomy. CineECG location during P-wave and terminal PQ-interval were homo-
geneous within normal controls. CineECG and its deflection point may enable the early detection of atrial conduc-
tion disorders predisposing to atrial arrhythmias.
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Graphical Abstract

CineECG: Anatomical View on the Normal Atrial P Wave and beyond
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Introduction

The normal atrial depolarization starts in the sinus node, often located
close to the vena cava superior, and proceeds sequentially from right
to left, with the right atrial roof activated before the left atrium.™ The
P-wave of the electrocardiogram (ECG) represents the electrical acti-
vation of the atria, where the right and left atrial activation waveforms
summate to form the P-wave. The amplitude of the normal P-wave on
the standard surface 12-lead ECG is generally rather small (maximum
0.2mV), making it difficult to quantify the P-wave morphology.>* It is
even more difficult to visualize the atrial repolarization, which is gener-
ally associated with the interval between the P-wave onset to Q-wave
onset.>® Like in the ventricles, the local electrical gradients during atrial
repolarization are much less steep than the depolarization gradients, as
the repolarization is much slower than depolarization. At a difference
with the ventricles, the atrial action potentials have a shorter plateau
phase, due to a smaller calcium influx, then atrial repolarization starts
earlier, and proceeds more gradually than ventricular repolarization.”
Consequently, the depolarization forces prevail in the P-wave, and the
repolarization is often not perceivable on the surface ECG with ampli-
tudes <0.2mV.? at a difference with the ventricles where depolariza-
tion and repolarization are both evident, respectively represented by
QRS and T waves.
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In patients with atrial arrhythmias and atrial fibrillation, the P-wave
during sinus rhythm can shows subtle abnormalities, difficult to quantify
by standard 12-lead ECG. Alterations of P-wave morphology may cor-
relate with atrial remodelling and/or with the presence of atrial con-
duction delays, possibly due to fibrosis, and may be predictive of atrial
arrhythmias and atrial fibrillation. As an example, broad, notched P-
waves in lead 2, with deep and broad negative P terminal components
in lead V1, are classically considered marker of left atrial enlargement,
although other pathologic conditions, such as left atrial volume or pres-
sure overload, interatrial conduction defect, or a combination of these
abnormalities may also contribute to such abnormalities. Increased P-
wave dispersion (PWD), defined as the difference between the longest
and the shorter P-wave duration from the 12 ECG leads, is another
non-invasive ECG marker for atrial anatomical remodelling” Both
increased P-wave duration and PWD reflect prolongation of intra-
atrial and inter-atrial conduction. Patients with enlarged P-wave and
with increased PWD may have a higher risk of developing atrial
arrhythmias and atrial fibrillation, supporting that those ECG changes
may reflect electrical and/or mechanical atrial remodelling.” '

The novel CineECG, derived from the standard 12-lead ECG by an
inverse ECG method, can correlate the atrial waveforms to the car-
diac anatomy, obtaining a temporo-spatial correlation of the electric-
al activity with the anatomical location of the electrical source.
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Figure | The conversion system from electrocardiogram to vectorcardiogram to CineECG explained in images. The first step is to convert the
electrocardiogram into the vectorcardiogram, positioned at the centre of ventricular mass, from which the mean temporal spatial isochrone
(CineECG) trajectory can be constructed (lower panel on the right). The colours of the vectorcardiogram and CineECG indicate the time from P-
wave onset to the QRS onset. The upper left panel represents the standard 12-lead electrocardiogram configuration, applied to analyse the PTB data-
base electrocardiograms. The torso/heart model shows the nine electrode positions. The right panel shows the transition from vectorcardiogram to
CineECG, according to the three standard X-ray views (four-chamber, right anterior oblique and left anterior oblique). The bottom panel shows the
trajectory of the CineECG localization, defined as the mean temporo-spatial isochrone of the atrial activation, moving from right to left atrium. The
green circle marks the end of the P-wave on the 12-lead electrocardiogram, which in this case coincides with the deflection point.

We already demonstrated the feasibility and clinical relevance of
CineECG in the study of patients with intraventricular conduction
blocks (left bundle branch block and right bundle branch block) and
in patients with Brugada syndrome,"" however the CineECG method
was never applied yet to the atrial activity.

The objective of this study was to explore and quantify the normal
atrial activation by the novel CineECG methodology, with the aim to
correlate the ECG signals occurring during the P-wave and PQ-
interval to the atrial anatomy.

Methods
CineECG method

The CineECG method quantifies the mean temporo-spatial localization of
the normal cardiac electrical activity, including both depolarization and
repolarization.'? The CineECG method has been already described in de-
tail elsewhere.”">"" In summary, the CineECG relates the cardiac activa-
tion and recovery pathway to the cardiac anatomy, using the torso/heart

model of a 57-year male, with average body build relative to the study
population (see Figure 7). However, in those previous studies, the model
only included the ventricles, while for this study the torso/heart model
also included the atria. The torso/heart model was used to derive the vec-
torcardiogram (VCG) from the recorded 12-lead ECG, assuming the elec-
trode positions using the method described by van Dam."® The VCG was
subsequently used to compute the CineECG, estimating the mean
temporo-spatial isochrone."®

The VCG direction was utilized to compute the CineECG trajectory,
depicting the localization of the average electrical activity of the atria at
each given time interval. The VCG direction is the unit vector of the nor-

malized VCG signal (I‘\;%Eg\)' Normal atrial activation starts in the sinus

node, located close to the superior vena cava, moving from there through
the atrial tissue (Figure 7). To localize the CineECG trajectory within the
atrial anatomy, the mid P-wave location was set to the centre of the mass
of the atrial model. This site represents the centre of electrical atrial acti-
vation, when approximately half of the atrial mass is activated. From this
site, the subsequent CineECG cardiac locations are computed during the
entire P-wave and PQ-interval according to the following equations:
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Table |

Demographics and results of the normal atrial CineECG in six-decade age groups by sex®

AGE Sex N P-wave Deflection PQ

P-wave four- P-wave

(years) duration point (ms) interval chambers
(ms) (ms) (grades)
18-29 Females 456 103+£10  119+21  145+19 -60+10
Males 275 109+12 109+£25 153+19 -59+16
30-39 Females 382 104+£10  115£25 14920 -59+ 11
Males 382 112+£12 109+23  158+20 -56+13
4049 Females 627 107+£10  115+£24 15120 -57+11
Males 522 114+£12 108+24 160+21 -54+13
50-59 Females 751 110+£12 113+26  156+20 -54+12
Males 664 116+13 107+24 163121 -53+14
60-69 Females 630 113+£12  114+£28 160+ 21 -54+12
Males 559 119+£13 107+26 169121 -51+13
70-100 Females 773 114+£15  107+30 166+23 -52+16
Males 338 121+16  107+£30 17132 -47+23
18-100 Females 3619  110+13  113+26 155+22 -53£15
Males 2790  116+13  107+£25 163423 -57+13
Total 6409  112+12  110£26 159423 -54+14

P-wave Terminal PQ Terminal  Terminal

RAO LAO four-chambers PQ RAO PQLAO
(grades) (grades) (gardes) (grades) (grades)
94+20 +28 65+30 -86+49 8+ 64
9327 +30 60+23 -82£34 -11£45
95+19 +30 66+26 -86£35 -1+£58
93+24 26 58+23 -83+34 -7+38
96+24 9£26 64+ 30 -81+£41 -8+55
95+21 5£24 57+26 -76£41 -10+38
95+24 8+25 65+24 -81+36 -13+52
94+24 5£25 5727 -76 £39 13£41
9721 9£25 6726 =79 £34 -20£55
97+24 8124 57+28 -73+39 -18+43
96+26  11£27 65+ 30 -72+£44 -23+£58
93£41 10£29 58+ 30 -70+38 -23+44
95+27 7+26 65+28 -80+40 -12+58
9527 9£27 58+27 -76 £38 -14+£42
95+24 8+26 62+27 -78 £27 -13£51

*More detailed information on P-wave duration, deflection point, and PQ-interval, including significance values, between sex and age groups are provided in Supplementary ma-

terial online, Appendix A.

veG
CineECG (1) — CineECG(t — 1) — v - dt - CLV

t < midPw«
VG (o) midPwave

CineECG(t) = center of atrial mass t = midPwave

VCG
CineECG(t) = CineECG(t+1) +v - dt - ®)

t > midPw«
VG (o) midPwave

in which v is the speed by which the CineECG travels through the atrial
anatomy, and dt is the time step, in this case 1 ms. The speed of 0.7 m/s is
chosen as in the physiological range of the myocardial propagation
velocity.'®!”

To visualize and establish a quantifiable relation between the atrial
anatomy and the VCG/CineECG trajectory, the VCG is rotated towards the
three heart axes: (x) from right to left, (y) from the roof to the base, and
(z) from posterior to anterior. The CineECG was projected to three
standard X-ray views of the heart: the standard four-chamber view, and
the right anterior oblique and left anterior oblique (RAO and LAO) views
(Figure 1). The direction and the position of the CineECG can now be
related to atrial anatomy.

The atrial CineECG waveform in relation to

ECGsim atrial activation map

We compared the atrial activation waveforms obtained by CineECG with
the atrial activation map provided by the open source simulation tool
ECGsim (www.ecgsim.org)."® The atrial activation sequence provided by
ECGsim was estimated using an inverse ECG procedure using a body sur-
face map (BSM) with 67 ECG signals.'® The ECGsim atrial activation iso-
chrones was used to interpret to the CineECG pathway. Of note, the
ECGsim showed the atrial activation of a normal young male (20 years),
with slender body build with a vertical heart orientation. For this case, we

also computed his CineECG, using the measured 12-lead ECG as well as
the provided atrial torso/heart model.

Electrocardiogram study dataset

As source of normal atrial activation, we utilized the 6668 ECGs labelled
as healthy controls included in the certified Physionet PTB Diagnostic
ECG Database https://www.physionet.org/content/ptbdb/1.0.0/).2° From
those ECGs, we excluded 259 ECGs, for the following reasons:

a. The ECG was excessively noisy, preventing the construction of a me-
dian beat or reliably detecting the P-wave fiducials (222 ECGS),

b. the PQ-interval duration was shorter than 80 ms (32 ECGs), and

c. the P-wave polarity was negative in Lead 2 (5 ECGs).

Therefore, our ECG study dataset included 6409 ECGs, used for the
construction of the normal atrial CineECG. Each analysed ECG was
assigned to an age and a gender group according to the information pro-
vided by the PTB XL database (Table 7).

Twelve-lead electrocardiogram and CineECG
parameters used to characterize atrial
activity

From each 10-s 12-lead ECG, a median beat is automatically constructed
by CalECG/bravo.2"™** The P-wave fiducial points were automatically
determined with the same software. To characterize the different charac-
teristics of the P-wave on 12-lead ECG, and the different CineECG pat-
terns, the following ECG and CineECG parameters are utilized:

PQ-interval parameters
We determine the duration of the PQ-interval, from the onset of the
P-wave to the onset of the Q-wave, from the 12-lead automatically
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Figure 2 Atrial CineECG compared to activation isochrones obtained by ECGsim (www.ecgsim.org) data. The 12-lead electrocardiogram data are
shown on the far left, with the amplified P-wave on the adjacent panel. In the upper panel, the atrial activation sequence, as measured by the ECGsim
(in a normal young male), is shown in the three standard X-ray views (four-chamber, right anterior oblique and left anterior oblique). In the lower
panel, the CineECG is shown as computed from the 12-lead electrocardiogram using the torso/heart model with the standard electrode positions,
moving from right-to-left and from roof-to-base. The deflection point is shown as a green circle on the CineECG, the endo of the P-wave as a dark

red circle.

detected fiducial points. We then divided the PQ-interval into the fol-
lowing two sections:

® Pyave duration: The P-wave duration, from P-wave onset to P-wave
end.
® Terminal PQ-interval: from P-wave end to Q-wave onset.

P-wave direction angle

The direction of the CineECG trajectory during the P-wave was computed
according to the three standard cardiac views (Figure 7). The direction was
defined as the position at the P-wave end minus the position at the P-wave
onset. Based on this direction, the P-wave angle direction was computed
relative to the positive x-axis, where 0° is defined as the positive x-axis per
heart view (four-chamber, RAO, or LAO) (see Figure 1).

P-wave deflection point

The P-wave deflection point is defined as the time when the CineECG dir-
ection deviates more than 60° from the average CineECG direction of the
initial (n) 30 ms of the atrial activation. From the ECGsim example of the
CineECG, the first deflection point was found at 56 ms (see Figure 2).

Z VCG(t)
[VCG(¢)]

CmeECG,n,uu(

VCG(t
P-wave direction angle = acos( ©

CineECG
|VCG(t)‘ Inel initial

Find tyeftection in P-Q interval for which P-wave direction angle is larger than
60°, consequently tyefiection IS limited to the PQ-interval and larger than n
(=30ms).

Statistical analysis

Statistical analysis was performed by SPSS (IBM SPSS Statistics for
Windows, Version 26.0.0.1. Armonk, NY, USA: IBM Corp.). Data were
given as mean * standard deviation (SD), and ranges (minimum-max-
imum), for variables with normal distribution, and mean + SD, median
and ranges for nonparametric variables. Kruskal-Wallis nonparametric
test on independent samples was used to analyse differences between
gender and age-groups by decades, significance values were adjusted by
the Bonferroni correction for multiple tests. A 0.05 significance level was
used, applying Bonferroni correction for repeated comparisons. The
complete statistical analysis was provided in Supplementary material
online, Appendix A.

Results

The atrial CineECG in relation to the
atrial map derived from the ECGsim

model

The normal atrial activation map provided by the ECGsim of the ‘nor-
mal young male’ was shown in Figure 2, according to the three stand-
ard X-ray views, together with the atrial CineECG computed in the
same subject. In the ECGsim map, the atrial isochrones show an initial
breakthrough at the sinus node region, located in the upper right
atrium, close to the superior vena cava. From there, the activation
spreads in all directions. At 56 ms after breakthrough, the right atrial
appendage was activated, resulting in isochrones progressing towards
the inferior vena cava and to the left appendage. The atrial CineECG
mirrors the atrial activation pattern shown by the ECGsim, as initially


https://academic.oup.com/ehjdh/article-lookup/doi/10.1093/ehjdh/ztac007#supplementary-data
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the CineECG moves from the roof towards the base of the atria for
the first 50-60 ms, then the CineECG bends towards the left base re-
gion. We defined this bending as the ‘deflection point’, occurring
around 50-60s after the P-wave onset. Noteworthy, CineECG still
measured electrical activity beyond 120 ms, beyond the P-wave end,
during the terminal PQ-interval, a time interval not included in the
ECGsim model. During the terminal PQ-interval, which on the surface
12-lead ECG reaches a maximum of much less than 0.05mV, the
CineECG shows a consistent direction moving at a sharp angle com-
pared to the P-wave direction, mainly from the atrial base to the atrial
roof and from left to right atrium. It is possible that such direction
may represent the atrial repolarization, or in alternative, a late de-
polarization of the left atrium.

Atrial CineECG activity during P-wave
and PQ-interval in the PTB database

electrocardiogram tracings

The average CineECG locations during the P-wave and the PQ-
interval, obtained in 6409 ECG tracings from PTB database included
in the study set, were plotted along each three cardiac axes (Figure 3).
The CineECG tempo-spatial location and direction were quite homo-
geneous in those normal ECG tracings, particularly during the P-
wave, when also the differences between age and gender groups
were limited (Figure 3, Table 7). The complete results of the statistical
analysis by sex and age classes are provided in Supplementary mater-
ial online, Appendix A. The P-wave duration tended to be longer with
increasing age, in both sexes, and particularly within males, often last-
ing more than 120ms above age 70years (Table 7). Also, the PQ-
interval was about 20ms longer in subjects above age 70years in
both sexes, when compared with younger subjects.

Time and location of the deflection point
In ~90% of the normal subjects, in both sexes, we observed that the
CineECG makes a sharp turn, that we defined as the ‘the deflection
point’, located close to the base near the interatrial septum. In ~80%
of the subjects, the deflection point occurs within 25ms before or
after the P-wave end, occurring earlier with increasing age, particular-
ly in females (Table 1, Supplementary material online, Appendix A).

The distribution of the CineECG temporo-spatial locations during
entire PQ-interval derived from the 6409 normal atrial ECG tracings
was used to create the normal distribution of the atrial electric activ-
ity (Figure 4). The CineECG location relative to the three cardiac axes
during the PQ-interval was plotted as orange lines representing the
90% range (with 5-95% confidence intervals), as derived from the
6409 normal ECG tracings. The normal range for CineECG locations
was then used to compare the behaviour of a single CineECG tracing
in relation to the normal range. Figure 4, top panel, shows the behav-
iour of an individual with normal atrial CineECG, with P-wave duration
of 95ms, and deflection-point occurring at 105 ms, all parameters
being well within normal ranges (Table 1).

P-wave direction angles

The P-wave direction angles per heart view, either four-chambers,
RAO, and LAO projections are shown as histograms in Figure 5
(upper panels). The spatial distribution in relation to the atrial anat-
omy within the 5-95% angle range is shown in Figure 5 (bottom

panels). In these normal subjects, the P-wave direction had very lim-
ited variation, moving the roof of the atrium (the sinus node area) to-
wards the left atrial base Figure 5 (upper panels). The average
direction was 56+ 12° in the four-chamber view, 98 £22° in the
RAO view, and 10+27° in the LAO view (Table 7). The atrial
CineECG average direction was very similar for males and females
(Table 1, Supplementary material online, Appendix A).

Atrial CineECG in subjects from PTB
database with deviations from the
normal distribution

Within the 6409 ECG tracings included in the study dataset, we iden-
tified only six subjects (all males aged over 60 years), with an appar-
ently normal P-wave on 12-lead ECG, in whom the CineECG deviated
from the normal CineECG atrial distribution. In these subjects, the de-
flection point occurred well before the P-wave end, pointing sharply
to the left atrium at less than 50 ms after the P-wave onset. Thus, in
these subjects, most of the electrical atrial activity appear to be
located in the left atrium. An example of a subject (PTB-XL ECG-Id:
754%%) in whom the atrial activity moved earlier and stayed longer in
the left atrium, despite an apparently normal P-wave on the 12-lead
ECG, is shown in Figure 4 (middle panel).

Besides, we also observed five ECGs tracings with inverted P-wave
in Lead 2, which we excluded from the study dataset used to define
the normal CineECG distribution. Among them, the atrial activation
started near the base of the septum rather than in the right atrial
roof, and it ended in the right atrium, rather than in the left atrium.
The ECG of one of those subjects (PTB-XL ECG-ID: 6488%) is shown
in Figure 4 (bottom panel).

Within the PTB-XL database, we also detected a few ECG trac-
ings with at least one premature atrial contraction (PAC). In those
tracings, we observed that the sinus P-wave showed a normal
CineECG trajectory, while the ectopic P-wave showed an abnor-
mal CineECG trajectory. We show an example illustrating the dif-
ferences between the sinus P-wave and the ectopic P-wave
(Figure 6, ECG-ID: 18115 of the PTB-XL database”®). The sinus P-
wave CineECG of shows a normal trajectory, starting near the right
atrial roof and travelling towards the left base and moving leftward
only in the terminal PQ-interval. The ectopic P-wave CineECG,
however, starts from the left atrial roof, and then moves almost in
a straight line towards the right base. Interestingly, in this case, the
CineECG followed the same abnormal trajectory both during the
ectopic P-wave and during the terminal PQ-interval, without an
evident deflection point.

Discussion

This study showed that the CineECG is a valuable tool in describing
the tempo-spatial localization of the atrial activity, as well as it did for
the ventricular activity.'” In the normal ECG tracings included in the
PTB XL database, the CineECG univocally showed that the normal
atrial activation starts in the right upper atrium, and subsequent
spreads simultaneously from the roof to the base of the right and left
atria.

We found limited variations in the atrial activity pathway during
the PQ-interval among the gender/age groups (Figure 3, Table 1). The
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Figure 3 Normal atrial CineECG temporo-spatial locations for age and gender groups by the three cardiac axes. On the upper panel (A), the mean
CineECG trajectories superimposed for gender and age classes by decades, according to the three cardiac axes (right-left view on the right, roof-to-
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Figure 4 Normal distribution of the CineECG atrial trajectories derived from the 6409 electrocardiogram analysed tracings, according to the three car-
diac axes. In upper panel A, the distribution of the CineECG temporo-spatial locations during PQ-interval derived from all 6409 normal atrial electrocar-
diogram tracings were used to create a normal distribution of the CineECG during the entire atrial activity. The normal PQ-interval position distribution
was plotted as orange lines representing the 90% range (with 5-95% confidence intervals) of the normal. In panel C, the behaviour of a single normal
CineECG atrial trajectory, moving from right-to-left, and from roof-to-base. The time scale moves from dark red to yellow. The green circles indicate the
deflection point, and the blue circle the end of the P-wave. In the mid panel B, the CineECG atrial trajectory of a subject with apparently normal P-wave
duration, but with short duration at deflection point (43 ms), in whom the initial atrial activation was mainly located in the right atrium towards the base,
that later moved towards the left atrium. In the lower panel, the CineECG atrial trajectory of a subject excluded from the 6409 tracings used to construct
the normal distribution of the CineECG atrial trajectories, as having a negative P-wave on the surface electrocardiogram. In this case, the atrial activation
was mainly located in the right atrium, and the main direction of atrial activation moves from left to right, from base to roof, and from posterior to anterior.
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Figure 5 Angle distribution of the CineECG P-wave direction by the three cardiac views for all included electrocardiograms. The angle distribution
indicates the main direction of the atrial activation, pointing towards a given atrial region relative to the positive x-axis (0° line); the P-wave duration
(P-wave onset to P-wave end) angle distribution is shown in red, and the terminal PQ-interval (P-wave end to Q-wave onset) is shown in blue. The
targeted anatomical regions are shown for the 5-95% range in each of the three cardiac views (four-chamber, right anterior oblique and left anterior
oblique views). The angle distribution is used to determine the main direction of atrial CineECG. The yellow dots indicate the sinus node locations,
whereas the pink dots indicate the centre of atrial mass location. The direction of the terminal PQ-interval is at a sharp angle compared to the direc-
tion of the P-wave in four-chamber and right anterior oblique views, while coincident in left anterior oblique view.

P-wave duration and PQ-interval tended to be longer with increasing
age, in both sexes, and particularly in males, when compared with
younger subjects (Supplementary material online, Appendix A). Also,
the deflection point, indicating the change in CineECG direction, had a
homogeneous temporo-spatial location, as it was located close to
the atrial base, near the interatrial septum, and generally occurred
within 25 ms before or after the P-wave end, without significant dif-
ferences by age and sex (Table 1).

Trajectories of the normal atrial CineECG
The CineECG, using a standard atrial/torso model, showed that the
average normal atrial activity started close to the roof of the right
atrium and moved towards the left atrial base. The atrial activation
pathway described by CineECG was consistent with the atrial activa-
tion isochrone map provided by the ECGsim simulator, showing a sin-
gle focal atrial activation in the right upper atrium, subsequently
spreading first to the right atrium, and later to left atrium. The exact
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Figure 6 Examples of CineECG atrial trajectories of one normal beat and one premature atrial beat in the same subject compared to the mean dis-
tribution of atrial trajectories of the CineECG of the 6409 electrocardiogram normal tracings. Both the normal P-wave (upper views) and the prema-
ture atrial contraction (lower views) CineECG trajectories are shown, derived from an electrocardiogram (left panel) selected from the PTB-XL
database as having at least one single premature (black arrow) and one atrial contraction (premature atrial contraction, right arrow). While the normal
beat follows the normal trajectory, moving from right to left, from roof to base, and from posterior to anterior (upper right panel), the premature
atrial contraction still moves from roof to top, but from left to right, and from to anterior to posterior (lower right panels). In the CineECG trajectory

there was no deflection point present.

location of the atrial breakthrough varied slightly among the individual
subjects; however this aspect needs further specific study, controlling
the ECG electrode positions, and the body build and a atrial anatomy
for the individual patient.

The CineECG detected consistent atrial activity beyond the end of
the P-wave, during the PQ-interval, a segment which is almost iso-
electric, thus uninformative, in the standard 12-lead ECG tracings.
The CineECG often showed an deflection point close to the end of
the P-wave after which the CineECG moved from the base towards
the left roof of the atria during the terminal PQ-interval, thus in an
opposite direction when compared with the CineECG during the P-
wave moving from the roof to the base of the atria (Figure 5).

The significance of the CineECG

deflection point

We showed that in 80% of the normal subjects, the atrial CineECG
showed a clear deflection point close to the end of the P-wave,
where the direction of the CineECG trajectory changed by an angle of
more than 60° compared to its average initial direction. The presence

of a deflection point in the CineECG trajectory may have two possible
alternative origins:

a. ananatomical origin, due to anatomical or functional obstacles associ-
ated to intra-atrial structures and connections, and

b. an electrical origin, indicating the transition from atrial depolarization
to repolarization.

An example of a possible anatomical origin of the deflection point
is suggested by the ECGsim example (Figure 2), where the deflection
point is found after 56 ms, since there is no further atrial tissue to be
activated in the roof to base direction. Consequently, the activation
direction has to change its direction, as reflected by the CineECG.
Another example of a possible anatomical origin is shown in Figure 4
(middle panel), where an intra-atrial conduction disorder might cause
an early occurring deflection point. In this case, we made the hypoth-
esis that the intra-atrial right-left connections at the roof level are
non-functional, causing a sharp bend of the CineECG at the moment
the activation reaches a functional right-left connection.***®

Earlier experimental studies using monophasic action potentials,
showed that the atrial repolarization follows the depolarization
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trajectory,®® consequently in all likelihood the atrial T-wave should
be discordant, i.e. should have opposite polarity, than the P-wave. At
a difference to what occurs during normal ventricular activity, where
QRS and T waves have generally concordant polarity, the atrial activ-
ity acts similarly to what occurs during ventricular ectopic beats or in
left bundle branch block, where T waves have generally opposite po-
larity compared to the QRS. In CineECG, similar to VCG, when the
repolarization forces get dominant, a change of direction occurs.
Thus, this supports the hypothesis of a possible electrical origin of
the deflection point, at least in most normal subjects, where the de-
flection point occurs close to the end of the P-wave, thus most likely
representing the transition from depolarization to repolarization.
The activity occurring after the deflection point, during the terminal
PQ-interval, might thus represent the atrial repolarization, as also
described in other studies.*327?8

So far, atrial repolarization has been seldom considered clinically,
never described by an inverse ECG technique, and mostly in research
studies with small populations.*>#*"2% This original finding by the
novel CineECG method, may open new perspectives for the anatom-
ical or electrical interpretation of abnormalities of atrial activity,
regarding not only depolarization, but also repolarization.

Further studies, comparing invasive atrial mapping data with the
CineECG, are needed to understand the origin of the deflection
point, or to explain the absence of a deflection point, which we
observed in a few cases still ostensibly normal, which might though
indicate some hidden abnormalities (Figure 5).

Abnormality of the CineECG deflection
point

In case of an early deflection point, as shown in Figure 6 (middle
panel), the CineECG moved initially from the right atrial roof towards
the right base, then after 40 ms it suddenly bended to the left. We
hypothesized that this abrupt change of CineECG trajectory may de-
pend on a possible disconnection between the right and left atrium,
as it may occur in case of an intra-atrial conduction block, due to a
dysfunctional connection between the right and left atrium at the

roof level.??

Clearly, this issue must be explored by studies also con-
sidering atrial dimensions measured by echocardiography and com-
paring the CineECG trajectory with simultaneous intracavitary atrial

activation mapping.

CineECG findings in premature atrial

contractions (PAC)

We preliminarily explored the CineECG trajectory of a premature
atrial contraction (PAC) compared to a normal sinus activation in
the same ECG tracing. Interestingly, we observed that while the sinus
P-wave followed the normal distribution, the ectopic P-wave showed
a different trajectory, going from posterior left atrium to anterior
right atrium (Figure 6). We also observed different pathways followed
by the ectopic P-wave in the few cases we have explored yet, in all
cases the ectopic P-wave CineECG did not show an deflection point
as uniformly observed in normal beats. These preliminary observa-
tions need to be further explored in larger dedicated studies.

Limitations

The focus of this article was to show the normal atrial electrical activ-
ity, and almost unexpectedly this led us to discover that not only de-
polarization forces but also forces likely to be attributed to the atrial
repolarization could be estimated by the CineECG method, simply
derived from the surface ECG. Of course, these observations will re-
quire a validation by atrial invasive mapping, which will be part of a fu-
ture project. Such validation study is also required to determine the
ability of CineECG to distinguish between different types of intera-
trial breakthrough and P-wave morphology, as shown by Holmqpvist
et al*® The validation study will also allow a better understanding of
what we now define as the ‘deflection point’.

Another study limitation is the use of a standardized torso/heart
model, and additional studies need to confirm these results, prefer-
ably with a method using personalized torso/heart model. Another
limitation of this study is the lack of echocardiographic data providing
atrial dimensions, not available in the PTB-XL database. In the future,
the accuracy of the CineECG locations in the atria might be improved
by using a personalized atrial/torso model, maybe based on three-di-
mensional (3D) imaging based upon a 3D camera and/or 3D echocar-
diography. The correlation between CineECG and atrial anatomy,
studied by two-dimensional and 3D echocardiography, need to be
explored in dedicated future studies, especially to establish the rela-
tionship between atrial enlargement and changes in CineECG position
and direction in patients with atrial conduction disorders and with
atrial arrhythmias.

Conclusions

The atrial CineECG showed that the atrial activity during the P-wave
uniformly moves from the roof of the right atrium towards the left
base in the vast majority of the 6409 normal ECGs included from the
PTB-XL database. Furthermore, CineECG detected the presence of
consistent atrial electrical activity beyond the end of the P-wave, dur-
ing the terminal PQ-interval. The significant change in direction of the
CineECG, defined as the deflection point, generally occurred close to
the end of the normal P-wave and was located at the left atrial base.
The deflection point may be due to either an anatomical or functional
obstacle, or it may indicate the transition between atrial depolariza-
tion and repolarization. Abnormalities in the deflection point, both in
time and location, were rare among the normal subjects. Vice versa,
abnormalities in the CineECG deflection point in time and localization
might be a marker of intra-atrial conduction disturbances and of sus-
ceptibility to atrial arrhythmias.
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Supplementary material is available at European Heart Journal — Digital
Health online.
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