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Abstract

Following ablation of atrial tachycardia (AT), the tachy-
cardia circuit may switch to a different driver with a slower
cycle length instead of terminating. Our aim is to investi-
gate this phenomenon using principles from topology. We
apply the index theorem from topology, which states that
the sum of all topological charges (TC) must equal zero.
Thus, every clockwise rotation (TC = -1) must be paired
with a counterclockwise rotation (TC = +1), though these
rotations may not always fully complete. Results: To test
this hypothesis, 572 unique simulations were generated on
a spherical surface with 2D circular boundaries. Addi-
tionally, virtual ablations were performed to identify the
ablation line that terminates tachycardia. Finally, 24 clin-
ical ATs were retrospectively analyzed. The index theo-
rem was satisfied in 100% of simulations. Virtual abla-
tion successfully terminated tachycardia when boundaries
with opposite TC were interconnected, while incorrect ab-
lation slowed the tachycardia cycle length. All 24 clin-
ical cases confirmed these findings. Conclusion: Reen-
trant atrial tachycardias are sustained by pairs of counter-
rotating patterns, and tachycardia is only terminated when
boundaries with opposite TC are connected.

1. Introduction

Atrial tachycardias (ATs) are commonly driven by
anatomical reentrant circuits that disrupt the heart‘s natu-
ral rhythm[1–3]. Ablation is to this day the most common
treatment for terminating this type of arrhythmia. How-
ever, in some cases the AT does not terminate, instead
switching to a new AT with a slower cycle length[4, 5].

In this translational study, we applied principles from
topology to create a cohesive framework for investigation
of the index theorem on macro reentrant atrial tachycardia
(MRAT). Using a spherical mesh model with 2, 3, or 4
holes, we analyzed how the number and spatial distribution
of boundaries affect the activation patterns of loops and
the outcomes of acute ablation in 572 in-silico MRATs.
Additionally, we retrospectively analyzed a cohort of 24
clinical cases.

To achieve this, we employed our own algorithm (DGM-
TOP), based on the index theorem [6–8] and calculates
phase indexes/topological charges.

1.1. Index theorem

The theorem states that on a closed surface with a fi-
nite number of boundaries, the sum of topological charges
(TC), or phase indexes I , must equate to zero, (ΣI = 0).
This topological charge of an area enclosed by a circum-
ference C is computed via a contour integral in counter-
clockwise (CCW) direction:

I =
1

2π

∮
C

∇⃗ϕ · d⃗ℓ (1)

Here, ∇⃗ϕ represents the spatial phase gradient, and d⃗ℓ is
tangent to the circumference. In AT scenarios, we interpret
this normalized phase ϕ/2π as the local activation time
(LAT), normalized by the tachycardia cycle length (TCL).
As such, we can redefine equation 1 as:

I =
1

TCL

∮
C

∇⃗LAT · d⃗ℓ (2)

Since the index theorem states that the sum of all the
phase indexes is 0, we can deduce that every rotational pat-
tern should be balanced by a counter-rotation pattern in an-
other part of the substrate. In other words: Rotational ac-
tivity in MRAT exists in pairs of counter-rotating patterns
around anatomical boundaries. Concurrently, Santucci et
al. [9] provided empirical support for this concept, further
validating its significance.

2. Methods

In this study, both in-silico and clinical macro reentrant
atrial tachycardias (MRATs) were analyzed by calculating
the phase index around each anatomical boundary. The ab-
lation strategy was then compared to the location of bound-
aries with a non-zero phase index, referred to as critical
boundaries (CB). Boundaries with a phase index of zero
were labeled as non-critical boundaries (NCB).
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2.1. Simulations

Using OpenCARP[10], an open source cardiac electro-
physiology simulator, we created a total of 572 unique in-
silico MRAT. For our cell model, we used the ten Tusscher-
Panfilov model [11], modifying it by reducing the L-type
calcium current ICaL by 70% and increasing the rapid de-
layed rectifier potassium current IKr by 70%. This modi-
fied model was then pre-paced at a 250 ms interval (S1-S1)
for a duration of 5 seconds to achieve a steady-state condi-
tion. For our substrate, a fixed spherical mesh model with
holes was chosen because topologically the atria can be
considered closed surfaces with a finite number of areas of
non-conductive tissue like valves, veins, isolated regions
of scar or isolated lines of block.

To create variety in the simulations, we induced MRAT
in 572 spherical meshes with varying number, location and
size of holes (2-,3-, to 4-holes). Reentry was induced by
means of unidirectional block in different locations. In
addition, slow conduction zones were placed to increase
variety in the models. Finally, virtual ablation lines were
placed to assess their effect on MRAT termination or pro-
longation.

2.2. Clinical cases

For clinical testing, 24 AT cases were collected. 16 ATs
were recorded in the AZ-Sint Jan in Brugge and 8 in the
Städische Klinikum in Karlsruhe between November 2015
and February 2023. The TCL ranged from 200 ms to 300
ms. 21 ATs contained 3 boundaries, while 3 ATs had 4
boundaries. All cases were selected, based on following
criteria:
• The electroanatomical map was of sufficient quality (≥
0.005 measurement points/mm2).
• The official diagnosis of the case was known and con-
firmed through ablation. Additionally, the sequence of
ablation lines with corresponding ablation response was
recorded.
• The locations of all anatomical boundaries were known.
• The TCL before and after ablation was known.

For each clinical map, a series of cutouts were made in
the mesh to define the edges of the anatomical boundaries,
including anatomical structures, scar tissue, lines of block,
and noisy edge interpolation.

2.3. Index calculation

In this section, we will detail the algorithm used for
computing the index of each boundary, for both simulated
and clinical cases.

For practical use, we transformed Equation 2 into a
Riemann sum, by dividing the boundary into a series of
discrete segments Si, and summing all LAT differences

(∆LAT) between neighboring sections in the CCW direc-
tion.

I =
1

TCL

∑
Si

∆LAT (3)

To compute this value, all boundary points were identi-
fied and extracted. These points were then arranged around
the geometric center according to their angular coordi-
nates. The boundary was divided into 12 sections, each
covering a 30◦ angle. Each section (Si) was assigned a cor-
responding local activation time (LAT, denoted as LATi).
Outliers were removed by grouping all mesh points within
each section into 20 ms intervals and retaining only the
bins that contained at least 25% of the total points. Finally,
the median of the remaining points was selected as the rep-
resentative LATi value for each section. As such, we can
calculate the LAT differences between neighboring section
as follows:

∆LATi = LATi+1 − LATi (4)

3. Results

3.1. Simulations

A total of 572 unique simulations were performed on a
spherical mesh, with 200 simulations using 2 boundaries,
192 using 3 boundaries, and 180 using 4 boundaries, re-
sulting in a total of 1,696 boundaries. When calculating
the phase index for each boundary, 572 boundaries had an
index of +1, 572 had an index of -1, and the remaining 552
boundaries exhibited an index of 0.

Further visual inspection of all boundaries revealed
three distinct patterns associated with their expressed
phase index: complete rotation, near-complete rotation and
parallel activation. These patterns are displayed in Fig-
ure 1.

On each of the simulated MRAT, we performed ablation
between each boundary pair as illustrated by the example
in Figure 2. In 100 % of cases only 1 ablation line was
found to terminate the AT, being the line between bound-
aries of opposite phase index. If any CB is not connected to
the other CB with opposite phase index, the AT persisted.

3.2. Clinical data

A total of 24 clinical AT cases were analyzed in depth
using our algorithm. Among these, 21 ATs had 3 bound-
aries, while the remaining 3 ATs had 4 boundaries, re-
sulting in a total of 75 boundaries. After identifying the
boundaries, the topological charge (index) was calculated
using the DGM-TOP algorithm. In each AT, 2 critical
boundaries (CBs) were identified, for a total of 48 CBs.
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Figure 1. Example of in-silico MRAT with TCL 240 ms
with 3 possible patterns around the boundary: A. complete
rotation B. near-complete rotation C. parallel activation.
Underneath each pattern, you can find the calculation of
the phase index and an illustrated via a bar chart.

24 boundaries exhibited an index of +1, while the other
24 exhibited an index of -1. The remaining 27 boundaries
were classified as non-critical boundaries (NCBs), having
an index of 0. As predicted by the index theorem, the total
index in each map was 0. An example is shown in Figure 3

In 16 cases, ablation resulted in termination of the ar-
rhythmia and restoration of sinus rhythm. In these in-
stances, the ablation line successfully interconnected both
CBs. However, in the remaining 8 cases, the initial abla-
tion line did not terminate the AT. The DGM-TOP analysis
revealed that this ablation line consistently connected a CB
to an NCB, allowing the second CB to persist as the pri-
mary driver of a new arrhythmia.

For example in Figure 3, the ablation line was placed
between the left pulmonary vein (LPV) and the right pul-
monary vein (RPV). According to DGM-TOP, this line
connected a NCB to a CB, leaving the second CB at the
mitral valve (MV) to sustain the new AT.

4. Discussion

The index theorem[6, 7] has been proven to be a power-
ful principle for analyzing mechanisms of MRAT. Through
this axiom, we have shown with simulations that critical
boundaries exist in pairs around which electrical waves
rotate in opposite direction to one another. Additionally,
we see that ablation by interconnecting both CBs is the
only viable strategy for terminating MRAT. All results are
strengthened by a cohort of 24 clinical cases.

In this research, we show a new method DGM-TOP, ca-
pable of detecting all critical boundaries. Though this al-
gorithm, we are able to show the clinicians the most ef-
fective approach of treating the AT, while also minimizing

Figure 2. Example of ablation response in a simulated
MRAT with TCL of 202 ms. Boundary 1 was found to con-
tain a complete rotation (green circuit), Boundary 2 exhib-
ited a near-complete rotation (red circuit) and boundary 3
parallel activation (Figure 1). Ablation (red line) between
boundary 1 and 2 (left panel) was found to terminate the
AT and restore sinus rhythm. Ablation between boundary
1 and 3, connects the complete rotation (CB) to the paral-
lel activation (NCB), leaving the near-complete rotation to
develop into a complete rotation.

the ablated surface and thus the damage to the heart, which
is critical for maintaining proper heart function. Addition-
ally, preventing wrong ablations will in turn prevent the
remapping of patients[4,5] and therefore speed up the pro-
cedure.

This same theory can be applied to other arrhythmias as
well, such as bi-atrial tachycardia, atrial fibrillation, ven-
tricular tachycardia and ventricular fibrillation. However,
extensive prior testing is needed.
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Figure 3. (A) Electroanatomical map of AT1 in anterior-
posterior (AP) view. The cyclical colors on the figure rep-
resent the LAT of the map. The boundaries are colored
in white. (B) Conduction around the MV. The index was
determined to be -1 (C) Conduction around the RPV. The
index was calculated to be +1 (D) Conduction around the
LPV. The index was determined to be 0.
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