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How a Topological Mindset May Offer Extra
Control During Mapping and Ablation of Left-
Sided Reentrant Atrial Tachycardia
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BACKGROUND: Reentry (macro or localized) is historically described as multiple pathways that are separated by barriers (either
anatomic or functional) and involve active and passive loops (identified by electro-anatomic and entrainment mapping, EAM/
ETM). Some reentrant atrial tachycardia (AT) cases are characterized by challenging activation patterns and unexpected
ablation responses. A recent translational study, focusing on topology (TOP) and the role of boundaries, suggests that
thinking topology within EAM/ETM might offer extra control during mapping and ablation of reentrant AT. We aimed to
propose and prospectively validate a workflow (EAM/ETM+TOP) in which we integrate topological thinking within an EAM/
ETM workflow for mapping and ablation of left-sided (left atrium) AT.

METHODS: The integrated workflow was performed in 88 left atrium reentrant AT cases. After EAM/ETM, the number of loops
and potential ablation strategy were verified against the number of critical and noncritical boundaries (critical boundary [CB],
non-CB). Linear radiofrequency lesions were deployed to connect both CBs, preferably by one direct CB-CB line.

RESULTS: EAM/ETM+TOP-based mapping was feasible in all cases and led to a diagnosis of a 2B topology with single-loop
activation in 33 cases and a>3B topology with dual-loop activation in 55 cases. In 87 out of 88 cases, subsequent ablation
via a direct CB-CB approach (n=75), an indirect CB-non-CB-CB (n=9), or an indirect CB-non-CB-non-CB-CB approach
(n=3) led to successful termination of AT. No unexpected changes in tachycardia cycle length occurred. After a median
follow-up of 356 (inter-quartile range, 228-537) days, 16 patients experienced recurrence of AT (18%).

CONCLUSIONS: Thinking topology within an EAM/ETM workflow may offer extra control during mapping and ablation of left-
sided reentrant AT.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ring in patients with and without prior ablation or car-
diac surgery.? Reentry in the left atrium (LA) stands
as the dominant mechanism. Reentry (macro or local-
ized) is historically described as multiple pathways that
are separated by barriers (either anatomic or functional)

Atrial tachycardia (AT) is a common arrhythmia, occur-

and involve active and passive loops that can be iden-
tified by electro-anatomic and entrainment mapping
(EAM/ETM).2"® Some reentrant AT cases are charac-
terized by complex activation patterns and entrainment
responses.*® Furthermore, unexpected ablation-induced
responses, like no change in tachycardia cycle length
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WHAT IS KNOWN?

* Reentrant atrial tachycardia involves circuits defined
by anatomic or functional boundaries, which can be
mapped using electro-anatomic and entrainment
techniques.

* Some reentrant atrial tachycardia cases present
with complex activation patterns and unpredictable
responses to standard ablation strategies.

¢ Prior studies suggest that incorporating topological
thinking into mapping may enhance understanding
of arrhythmia mechanisms.

WHAT THE STUDY ADDS

* This study introduces and prospectively validates
a novel workflow (electro-anatomic and entrain-
ment mapping+topology) that integrates topologi-
cal analysis into conventional mapping for reentrant
atrial tachycardia.

* In 88 left atrial atrial tachycardia cases, topologi-
cal mapping allowed classification into distinct acti-
vation loop patterns and guided targeted ablation
using boundary-based strategies.

* The approach enabled successful arrhythmia termi-
nation in 99% of cases without unexpected tachy-
cardia cycle length changes and was associated
with a relatively low recurrence rate (18%) over 1
year.

Nonstandard Abbreviations and Acronyms

AT atrial tachycardia

CB critical boundary

EAM/ETM electro-anatomic and entrainment
mapping

dPPI postpacing interval minus tachycardia
cycle length

LA left atrium

LAT local activation time

LOB line of block

LPV left pulmonary veins

mMmv mitral valve

NCB noncritical boundary

PVI pulmonary vein isolation

RA right atrium

RPV right pulmonary vein

SR sinus rhythm

TCL tachycardia cycle length

(TCL) or a switch to a sequential AT with longer TCL
(up to 439%),2 may occur throughout the ablation process.
This may lead to time-consuming remapping and deploy-
ment of unnecessary lines.

Recent studies by Vandersickel® Duytschaever,'
and Santucci et al,"" focusing on topology and the role
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of critical boundaries (CBs) and noncritical boundaries
(NCBs) during reentry, suggest that thinking topology on
top of EAM/ETM might offer extra control during map-
ping and ablation of reentrant AT.

In the present article, we propose and prospectively
validate an EAM/ETM-+topology (TOP) workflow in
which we apply topological thinking in an effort to pro-
vide extra control during EAM/ETM-guided mapping and
ablation. We provide procedural outcomes and 1-year
freedom from recurrence.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Topology Construct

The topology construct, rooted in mathematical principles and
validated in computational spheric modeling®'® entails 6 key
principles (Figure 1): (1) Each reentrant AT (macro or local-
ized) is based upon paired rotation around 2 CBs. (2) In atria
featuring 2 boundaries only (left panel), paired rotation mani-
fests as a single loop with counterclockwise rotation around 1
CB and clockwise rotation around the other. (3) In atria with >
3 boundaries (right panel), paired rotation manifests as dual-
loop activation around 2 CBs, with parallel activation around >1
NCBs. Due to differences in boundary cycle length of the CBs,
dual-loop activation is asymmetrical, with an active loop around
CB1 (being characterized by boundary cycle length=TCL) and
a passive loop around CB2 (boundary cycle length>TCL). In
clinical AT, asymmetry is often underappreciated because visual
interpretation cannot differentiate between complete and near-
complete rotation and because the definition of asymmetrical
entrainment (a postpacing interval minus TCL, ie, postpacing
interval minus TCL [dPPI], being smaller or >30 ms) lacks
resolution. Irrespective of the boundary cycle length or dPPI
at CB2, however the passive loop is relevant because it will
invariably become active whenever the first loop is selectively
ablated outside the common isthmus. (4) Any ablation strategy
that connects both CBs will terminate AT. CB-CB ablation can
be performed either directly (implying a single line) or indirectly
(2 lines connecting CB-to-NCB-to-CB or 3 lines connecting
CB-to-NCB-to-NCB-to-CB). (5) In >3B topology, the ablation
response to CB-NCB ablation, is contingent on symmetry, with
no change in TCL if symmetrical dual-loop activation, and either
no change in TCL (if CB2-to-NCB) or a transition to slower
TCL (if CB1-to-NCB) in asymmetrical cases. (6) In asymmetri-
cal dual-loop activation, the dPPI value at the edge of CB2 pre-
dicts the degree of TCL prolongation if a CB1-NCB strategy
is chosen.

In addition to the 6 key elements, the following topological
observations were made in the clinical AT data set (see lower box
in Figure 1).'° A 3B or more topology, implying inherent dual-loop
activation, is not the exception but the rule in clinical reentrant AT
(62.5%). Moreover, whenever a patient presents with AT without
prior ablation, or with a history of pulmonary vein isolation (PVI)
only, or when a map shows localized reentry, a dual-loop mecha-
nism is universal. In >3B atria, we never observed single-loop
reentry around 1 CB with parallel activation around 2 NCBs, or
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(2) In 2B-atria this implies the presence of a single loop

[MV] and [RPV+LPV]
acting as CBs

Atrial topology for a unified understanding of reentrant AT [°-1]

(1) Each reentrant AT is based upon paired rotation around two critical boundaries (CBs)

(3) In >3B-atria this implies two loops, mostly asymmetric

(4) Any ablation strategy connecting both CBs, directly or indirectly, will terminate AT

-active loop wit complete rotation and
dPPI<30ms around CB1 (blue)

-passive loop with near-complete rotation
and dPPI>30ms around CB2 (red)
-parallel activation at non-CB(s)

'\ [MV] and [RPV]

acting as CBs

In clinical left-sided AT'®

- dual-loop activation is not the exception but the rule (62.5%).

- In >3B-atria, single or triple loops do not exist.

- If no prior ablation, a history of PVI-only or localized reentry, two loops are universal (99%).

- Long PPIs are indicative for a site outside the circuit or around CB2 (dPPI up to 70ms).
- In >3B atria, selective ablation of the active circuit (i.e. CB1-to-NCB) never terminates AT.

- In >4B atria, selective ablation of each loop outside the common channel never terminates AT.

(5) CB1-to-NCB ablation causes ATCL

(6) ATCL ~ dPPI at CB2

CB: critical boundary
TCL: tachycardia cycle length
dPPI: post pacing interval minus TCL

Figure 1. Atrial topology for a unified understanding of reentrant AT.

The 6 key elements of the topology construct, rooted in mathematical principles and validated in computational AT are shown. The clinical
data set provided additional elements (see box). Triple loops using 3CBs do not exist. AT indicates atrial tachycardia; MV, mitral valve; NCB,
noncritical boundary; RPV, right pulmonary veins; and TCL, tachycardia cycle length.

triple loops using 3CBs. Long PPls were found to be indicative
of sites outside the circuit, but also around CB2 (up to dPPI of
70 ms). Selective ablation of the active circuit (ie, outside the
common channel) never terminated AT. In other words, the pas-
sive loop will always become active if not involved in the ablation
process. In 24B atria, selective ablation of both circuits outside
the common channel never terminated AT.

Of note, from a modeling standpoint, each atrium operates
independently, with the interatrial connections representing 1
link between both spheres and with a net topological charge of
zero per atrium.>1°

Database

All patients undergoing ablation for AF/AT at the Sint Jan
Hospital Bruges gave written informed consent to be followed
in a prospective database approved by the local institutional
review committee. Beginning in October 2021, 88 cases of LA
reentrant AT were prospectively mapped and ablated accord-
ing to the topology-integrated workflow. Cases were excluded
if reentry occurred in the right atrium (RA), if focal or break-
through activation was observed in the LA, or if LA activation
maps were incomplete. All procedures were performed under
general anesthesia with double transseptal access.

EAM/ETM+TOP Workflow to Map and Ablate
Reentrant AT

The workflow sequence for EAM/ETM+TOP is depicted in
Figure 2. The aim of the central EAM/ETM framework together

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780

with analysis of propagation movies, was to identify single-loop
or dual-loop patterns with active and passive loops.?™®

Electro-Anatomic Mapping

EAM of the LA was conducted using multielectrode catheters
(PENTARAY, OCTARAY) with the CARTO system for automatic
annotation of local activation time (LAT). A bipolar electrogram
on the decapolar CS catheter served as the fiducial point for
mapping and TCL measurement. Reentry was confirmed by
mapping activation over the entire TCL around an anatomic
(eg, mitral valve [MV], right pulmonary vein [RPV], or left pul-
monary vein [LPV]) or nonanatomic boundary (eg, isolated line
of block [LOB]), avoiding terms like macro and localized reentry
due to their overlap.'”? On the activation map, LATs are color-
coded with red and purple representing the earliest and lat-
est LAT within the window of interest. Key anatomic structures
such as MV, RPV, and LPV were almost invariably encircled
as gray areas regardless of PV reconnection. Double poten-
tials, defined as split electrograms with an isoelectrical seg-
ment, were annotated as blue tags. Visualization of loops was
enhanced by analysis of propagation movies. Mapping of the
RA was not consistently performed.

Entrainment Mapping

After interpreting wavefront propagation, entrainment pacing
(10-15 ms shorter than TCL) was applied at multiple locations
(except if TCL <200 ms). PPl values were collected and anno-
tated as color-coded tags (green if the resulting dPPI was <30
ms, orange if dPPI 30-50 ms, black if dPPI >50 ms). In the

July 2025 529



920z ‘T Afenuer uo Aq Bio'sfeuinofeye;/:dny woly pspeojumogd

Duytschaever et al

Topology-Enhanced Mapping and Ablation of AT

Reentrant atrial tachycardia

v

EAM/ETM

Anticipate two loops,
especially if no prior ablation
or PVI-only or localized

reentry

v

Single loop

Does the finding of a single-
loop comply with the
presence of a durably
blocked line?

Complex activation?
Inconsistent entrainment?

Does the finding of a dual-loop comply with the
Dual lOOp history of the patient, the number of boundaries?
Is there parallel activation at NCBs?

" Active/Active Active/Passive
Any line connecting both Cl’ltlcal
CBs will terminate AT, .
not only the cirtical lSthm us ‘ ‘
isthmus
Common Ablation of
\ channel active circuit

' v

Ablation of the active circuit will

SR 2MAT

terminate AT (if it connects CB1-
CB2, ablation of the common
channel) or prolong AT (if it

connects CB1-to-NCB, selective
ablation)

SR

Figure 2. The EAM/ETM+TOP workflow.

The aim of the central EAM/ETM framework together with analysis of propagation movies was to identify single-loop or dual-loop patterns
with active and passive loops. A topological mindset within EAM/ETM can enhance control at various stages of mapping and ablation phase
(gray annotations). AT indicates atrial tachycardia; CB, critical boundary; EAM, electro-anatomical mapping; ETM, entrainment mapping; NCB,
noncritical boundary; PVI, pulmonary vein isolation; SR, sinus rhythm; and TOP, topology.

case of 2 loops, loops with dPPI <30 ms and >30 ms were
labeled as active and passive.?™®

Topological Thinking

Figure 2 illustrates at which stages topological thinking within
EAM/ETM may enhance control. (1) In general, the topology
construct encourages the operator to search for 2 loops in all
cases (because 3B topology and dual-loop is the rule and not
the exception and even universal if the patient had no prior
ablation or a history of PVI-only or whenever localized reentry
is evident). (2) Whenever EAM/ETM reveals 2 loops, this diag-
nosis can be verified by demonstrating roof and mitral conduc-
tion, by annotating minimally 3 boundaries, or by recognizing
embracing activation around >1 NCBs. (3) In case EAM/ETM
identifies an active and passive loop (which is the rule), think-
ing topology may enhance control during ablation. Ablation of
the active circuit will stop AT if the line connects CB1 to CB2,
whereas it will prolong AT (with a ATCL equal to dPPI at CB2)
if the line connects CB1 to NCB. Indirect ablation (CB1-to-
NCB-to-CB2) may be preferred whenever CB1-CB2 ablation
is considered unsafe (phrenic nerve, esophagus) or challeng-
ing (Bachmann bundle). (4) When EAM/ETM suggests single-
loop reentry, this diagnosis can be confirmed by identifying 2
boundaries only (implying either roof of mitral line block). (5)
When faced with a single loop, thinking topology may enhance
control during ablation. Whereas ablation is often applied at
the narrowest isthmus with slow or mid-diastolic conduction,
that region may be challenging (Bachmann bundle) or unsafe

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780

(phrenic nerve, esophagus) to ablate. Topology adds that any
single line connecting both CBs is effective. (6) Whenever
EAM/ETM leads to uncertainty, because of complex activation
patterns, doubt on true versus pseudo-reentry,'? triple loops
or inconsistent dPPI values, annotation and differentiation of
boundaries may solve the puzzle.

Ablation Protocol Aiming for AT Termination
Following EAM/ETM+TOP, an ablation strategy was outlined,
prioritizing direct CB-CB ablation via 1 line. In some cases,
indirect routes such as CB-NCB-CB (2 lines) or CB-NCB-
NCB-CB (3 lines) were chosen. Predictions regarding dTCL
were made based on topology, with anticipated slowing of TCL
after CB1-NCB ablation and no TCL change after CB-NCB or
CB2-NCB block.

Lines were deployed using contiguous/optimized radiofre-
quency lesions with the Thermocool SmartTouch ablation cath-
eter (Biosense Webster, Inc). In line with prior work, we applied
45 W in a power-controlled mode at most sites, reducing power
to 25 to 30 W near the esophagus (to prevent inadvertent
thermal injury) and within the coronary sinus (to avoid steam
pops).'®'* The duration of each application was determined by
achieving the target ablation index value: 400 for the posterior
wall and coronary sinus, and 550 for the anterior wall, roof, and
lateral mitral line.'3'*

Epicardial radiofrequency and ethanol injection into the
vein of Marshall were performed when endocardial radiofre-
quency did not lead to block over the lateral mitral line.'* In
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some cases though vein of Marshall was performed before
radiofrequency delivery. If AT unexpectedly continued despite
proof of line block (double potentials, CS reversal, and
changed entrainment), we remapped the second AT and
repeated the workflow.

Ablation Protocol After Restoration of SR

Upon restoring sinus rhythm (SR), PVs and all previously
ablated lines were re-assessed and re-ablated if necessary. In
rare cases where roof and lateral mitral lines had not been pre-
viously ablated—or were not required for AT termination—these
lines were ablated at the discretion of the operator. The guiding
philosophy was to reduce the LA to a single-boundary sphere
incapable of sustaining reentry.®'® However, systematic induc-
ibility testing was not performed in a systematic way. Clinical
evaluation, ECG and Holter-ECG were performed at 3, 6, and
12 months.

RESULTS

Overall

Median age was 72 (IQR, 67-77) years, TCL 270 (IQR,
240-300) ms, LA volume 168 (IOR, 134—195) mL. Prior
AF ablation was performed in 82 (93%) patients (PVI-
only 24; PVI-plus 58). One patient had undergone prior
valve surgery. Number of mapping points was 4952 (IQOR,
3251-7331). Entrainment was performed in 82 cases at
5 (IOR, 3-8) sites. Vein of Marshall was performed in 25
out of 55 deployed lateral mitral lines (45%).

Topology-Enhanced Mapping and Ablation of AT

Added Value of a Topological Mindset Within
EAM/ETM: Case-Based Description

In the first case (TCL 304 ms; Figure 3), EAM/ETM
together with analysis of the propagation movie revealed
an evident counterclockwise loop with dPPI <30 ms
around the mitral valve (MV) and clockwise rotational
activity at the anterior wall. It was unclear though whether
the anterior rotational activity reflected a true reentrant
passive loop (with dPPI 41 ms) or pseudo-reentry near
a LOB.™ Because the patient was never ablated before
and because embracing activation was observed both
at the RPV and LPV, thinking topology helped to with-
hold the diagnosis of dual-loop activation with an active
and passive loop with certainty. Topology also added
extra control during ablation: a line connecting the MV
to the LOB would (and did) terminate AT (because of
CB1-CB2 connection). Without topology in mind, one
could wrongly assume that a lateral mitral line would ter-
minate the active loop with ensuing restoration of SR. A
lateral mitral line, however, would always have led to a
second AT with a TCL of #350 ms upon achieving block
(because of CB1-NCB connection)? That information
would also add extra control when an operator prefers
to treat each reentrant AT with standard anatomic lesion
sets (without mapping).

The second case (TCL 220 ms; Figure 4) illustrates
how thinking topology offers control when deliberately
opting for an indirect ablation strategy. EAM/ETM

Case 1

TCL:304ms LA volume:225ml N of points:4597 N of PPI:4 Prior ablation: none
(type B1)
EAM/ETM EAM/ETM+TOP
AP
//,
Reentry or

D pseudo-reentry?
> @

TOPOLOGY TO IMPROVE CONTROL DURING ABLATION

line from MV to LOB

Thinking
topology

If one would apply a line from MV
to LPV

— Shift to AT with TCL.
of ~350ms(CB1-NCB)

Figure 3. EAM/ETM+TOP in complex activation patterns.

AP indicates antero-posterior; AT, atrial tachycardia; EAM, electro-anatomical mapping; ETM, entrainment mapping; LA, left atrium; LOB,
isolated line of block; LPV, left pulmonary veins; MV, mitral valve; NCB, noncritical boundary; PA, postero-anterior; PPI, post pacing interval;

TCL, tachycardia cycle length; and TOP, topology.

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780
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(t(;aseA 2§) TCL:220ms LA volume:150ml N of points:9699 N of PPI:4 Prior ablation: PVI-only
pe AS

AP

EAM/ETM EAM/ETM+TOP

passiv

»

Thinking
topology

TOPOLOGY TO IMPROVE CONTROL DURING ABLATION (INDIRECT CB-CB)
Direct CB-CB ablation

CBI1-NCB After CB1-NCB CB-CB’
(TCL 240ms)

Sinus
Rhythm

Sinus
Rhythm

Figure 4. How adopting a topological mindset enhances control during ablation.
AP indicates antero-posterior; CB, critical boundary; EAM, electro-anatomical mapping; ETM, entrainment mapping; LA, left atrium; NCB,
noncritical boundary; PPI, post pacing interval; PVI, pulmonary vein isolation; RL, right-lateral; TCL, tachycardia cycle length; and TOP, topology.

mapping was compatible with an active loop peri-MV and ~ embracing activation at the LPV confirmed this diagnosis
passive loop peri-RPV. A history of PVI-only implying con-  from a topological perspective. To avoid a long linear abla-
duction over the roof and the mitral isthmus together with tion (5.9 cm) over the Bachmann bundle (direct CB-CB),

Case 3 TCL:255ms LA volume:214ml N of points:3647 N of PPI:10 Prior ablation: PVI-only
(type B3)

EAM/ETM EAM/ETM+TOP

S

v -~ Triple loops

Thinking
topology

TOPOLOGY TO IMPROVE CONTROL DURING ABLATION (INDIRECT CB-CB)

CB-NCB After CB-NCB CB-NCB After CB-NCB CB’-CB”
(TCL:255ms) (TCL:255ms)

Sinus
Rhythm

Figure 5. EAM/ETM+TOP in a complex case with multiple loops and boundaries.
AP indicates antero-posterior; CB, critical boundary; EAM, electro-anatomical mapping; ETM, entrainment mapping; LA, left atrium; LL, left lateral;
NCB, noncritical boundary; PPI, post pacing interval; PVI, pulmonary vein isolation; RL, right lateral; TCL, tachycardia cycle length; and TOP, topology.
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we performed an indirect CB-NCB-CB-strategy starting
with a lateral mitral line (CB1-NCB) followed by a roof
line. As anticipated by topology, the first line converted
the AT into a single-loop AT in a 2B topology at a pro-
longed TCL of 240 ms. The a priori knowledge of an
expected dTCL of 20 ms (=dPPI at CB2 was 38 ms)
helps to identify conduction block during ongoing AT and
prevents unnecessary remapping. Finally, as expected,
the roof line (connecting CB to the newly formed CB’)
restored SR.

The third case (TCL 255 ms; Figure 5) illustrates how
a topological mindset may offer extra control during both
mapping and ablation in a patient with localized reen-
try, multiple loops and boundaries. EAM/ETM together
with analysis of the propagation movie showed an evi-
dent counterclockwise loop with short dPPI values at the
anterior wall. However, extra loops with similar short PP
values were observed around the MV and RPV. Think-
ing topology (dual-loop must be present because of a
history of PVI-only and triple loops using 3CBs do not
exist) led to the diagnosis of dual-loop reentry with a sec-
ond loop traced around the RPV. Despite the presence
of a visual wider loop rotating en bloc around the MV
and LOB (referred to as the outer loop in the topology
construct),’® the MV was activated by a parallel wave-
front. Because a direct line connecting the RPV to LOB
was perceived as challenging to block (thick tissue of
the Bachmann bundle), we used topology to design and

Topology-Enhanced Mapping and Ablation of AT

control an ablation strategy using 3 lines (see lower
panels): a 9 o'clock line, roof line, and lateral mitral line.
As expected, the first line converted the AT into a dual-
loop tachycardia with the same TCL in a 3B topology
(RPV and MV+LOB acting as CBs). The second line at
the roof converted this AT into a single-loop reentry in
a 2B topology (RPV+LPV and MV+LOB as CBs). The
final step, being a lateral mitral line connected both CBs
directly and terminated this AT (leaving the atrium with a
single boundary). Although the sequence of lines does
not matter, in this case, the chosen sequence illustrated
how (against the intuition of some operators) selective
ablation of each circuit (MV-to-LOB line and RPV-to-
LPV line) cannot terminate dual-loop AT in a 4B atrium.

The fourth case (TCL 230 ms; Figure 6) finally illus-
trates how topology integration may also offer control in
apparently straightforward single-loop cases. EAM/ETM
was compatible with a single loop around the RPV (short
dPPI). The diagnosis of a single loop was topologically
confirmed by the presence of lateral line block (resulting
in 2 boundaries only being the RPV and the MV+LPV).
From a topological perspective any line connecting RPV
to either MV or LPV will terminate this AT. In this case, we
preferred to deploy a roof line (easy to block, previously
ablated, easy to assess block) rather than to ablate the
narrowest, slow-conducting channel on the anterior wall
(which showed missing LATs compatible with epicardial
conduction).

Case 4
(type A2)

TCL:230ms LA volume:110ml

The narrow,
slow-
conducting
isthmus at
anterior wall

N of points:4806

EAM/ETM

R »
Thinking
~r topology ~.

TOPOLOGY TO IMPROVE CONTROL DURING ABLATION

Any line connecting RPV to the MV+LPV boundary will terminate AT

Prior ablation:

N of PPI:2 PVI/mitral/roof/defractionation

EAM/ETM+TOP

-

< Block over

\ lateral mitral
line

i L Oy \e

Figure 6. EAM/ETM+TOP in a single-loop reentrant case.

AT indicates atrial tachycardia; CB, critical boundary; EAM, electro-anatomical mapping; ETM, entrainment mapping; LA, left atrium; LPV, left
pulmonary veins; MV, mitral valve; PPI, post pacing interval; PVI, pulmonary vein isolation; RPV, right pulmonary veins; TCL, tachycardia cycle

length; and TOP, topology.
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Al (n=28)

A3. (n=16)

AS. (n=8)

* Variants of A6, B3, C, D are described
in table 1

Figure 7. Spatial distribution of loops and boundaries.

See text for explanation. CB indicates crictial boundary; and NCB, noncritical boundary.

EAM/ETM+TOP Mapping in 88 Cases

The workflow of EAM/ETM+TOP was successfully
applied in 87 out of 88 cases. The observed spatial distri-
bution of loops is given in Figure 7. Overall, a single-loop
reentry was identified in 33 (38%) cases, a dual-loop
reentry in 55 (62%) cases. In patients with no prior abla-
tion (n=6) or PVI-only (n=24), dual-loop reentry occurred
in 100% of cases.

A detailed description of the spatial distribution of
loop(s), CBs/NCBs is given in the Table.

Age and sex were not different between cases with
anatomic loops only (A1-AB) versus cases involving
nonanatomic (B-C-D) reentry (respectively 7118 versus
70£10 years, 2-tailed Student t test A=0.593 and 83%
versus 91% males, Fisher exact test P=0.504).

Direct CB-CB Ablation

Direct CB-CB ablation, performed in 75 cases, success-
fully terminated LA-AT in all, either into SR (n=69) or
RA-AT (n=6; Table).

Topology-Controlled Indirect CB-CB Ablation

A CB-NCB-CB approach via 2 lines, performed in
9 cases, led to SR in all. Indirect CB-NCB-NCB-CB
ablation via 3 lines, performed in 3 cases, successfully
restored SR after completion of the lesion set in all.

In all 12 deliberately chosen indirect CB-CB abla-
tions, the topology construct correctly predicted the TCL
response and degree of TCL prolongation upon block of

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780

an intermediary line. In 5 symmetrical cases, CB-to-NCB
ablation did not change TCL as expected. In 7 asymmet-
rical cases, connecting CB1-to-NCB prolonged TCL with
adTCL of 31£17 ms, in the same order of magnitude as
dPPI at CB2 (47£15 ms)."®

One Case of Failed Ablation

In 1 out of 88 cases (see case 5; Figure 8), apparent
CB-CB ablation did not terminate AT. Post hoc, this was
due to incorrect EAM/ETM+TOP mapping which initially
suggested the diagnosis of a single clockwise peri-mitral
loop (dPPI <30 ms) in the presence of 2 boundaries (MV
and RPV/LPV; type A1) with an anterior LOB connected
to the MV (associated with pseudo-reentry on the ante-
rior wall). The correct diagnosis (B3), however, was true
reentry at the anterior wall, with a second loop around the
RPV+LPV (merged by a LOB) and a misleading outer
loop around the MV and LOB. This diagnosis only became
apparent by failed CB-CB ablation, as AT did not terminate
but prolonged at the instant of lateral mitral line block (as
evidenced by CS reversal). This ATCL response pointed
to the presence of a CB1 and NCB at the edges of the
lateral line. Finally, the AT was successfully terminated by
ablation of the continuous fractionated electrograms at
the conducting rim of tissue near the MV 9 o'clock.

Coexisting Right-Sided AT

In 7 cases, LA-AT coexisted, with RA-AT. In 6 cases, LA
ablation led to conversion to RA-AT (Figure S1).In 1 out
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Table. Results of Mapping and Ablation Guided by EAM/ETM+TOP
Type* ‘ CB ‘ CB ‘ (n) ‘ Direct Indirect Termination of LA
Anatomic loops only (n=66)
Al MV RPV+LPV 28 28 (mitral) 26 SR, 2 RA
A2 RPV MV+LPV 4 4 (roof) 3SR, 1 RA
A3 MV LPV 16 16 (mitral) 15 SR, 1 RA
A4 LPV RPV 8 8 (roof) 8 SR
A5 MV RPV 8 1 (anterior) 7 (roof/mitral)* 8 SR
A6 RIPV MV+LPV 1 1 (carina/roof)! 1SR
LSPV RPV+LIPV 1 1 (carina) 1 SR
Anterior LOB+Anatomy (n=12)
B1 Ant LOB MV 6 6 (9 o’clock) 5 SR, 1 RA
B2 Ant LOB MV+RPV+LPV | 1 1 (9 o'clock) 1SR
B3 Ant LOB RPV+LPV 3 2 (roof>LOB) | 1 (by error)’ 1 SR, 1 RA, 1 failed
Ant LOB RPV 2 2 (roof/mitral//9 o'c) | 2 SR
Posterior LOB+Anatomy (n=4)
(e} Post-LOB | LPV 1 1 (roof) 1SR
Post-LOB | LSPV 1 1 (roof) 1SR
Post-LOB | MV 1 1 (mitral) 1SR
Post-LOB | RPV 1 1 (roof) 1SR
LOB-LOB (n=6)
D LOB LOB 6 4 22 6 SR
Overall 88 75 13 81 SR, 6 RA, 1 failed

(n)=number of cases with TCL prolongation.

“ATs were grouped in 4 categories; (A) AT using anatomic-only CBs; (B) AT using a nonanatomic CB at the anterior
wall and 1 anatomic CB; (C) LA-AT using a nonanatomic CB at the posterior wall and 1 anatomic CB; and (D) LA-AT
using 2 nonanatomic CBs. AT indicates atrial tachycardia; CB, critical boundary; EAM, electro-anatomical mapping; ETM,
entrainment mapping; LA, left atrium; LOB, isolated line of block; LPV, left pulmonary veins; LSPV, left superior pulmonary
vein; MV, mitral valve; RA, right atrium; RIPV, right inferior pulmonary vein; RPV, right pulmonary veins; SR, sinus rhythm;

TCL, tachycardia cycle length; and TOP, topology.

of 7 cases, we did upfront suspect a coexisting RA-AT
(Figure S2). Ablating the CTI prolonged TCL by 100 ms
upon block (unveiling the slower intrinsic TCL of LA-AT).
The residual LA-AT was readily terminated by CB-CB
ablation.

What Was Not Observed

We did not observe reentry using 1 CB or 3 CBs (confirm-
ing the topology theorem), presence of 2 independent
loops coexisting without a common channel, triple loops
using 3CBs, biatrial AT,"® AT using LPV and MV+RPV as
CBs, or AT using the LA appendage as one of the CBs.
We did not observe that selective ablation of the active
circuit (around CB1), outside the common channel, ter-
minated AT (Figure 5).

Ablation Beyond Termination

At the end of the procedure, PVs were blocked in 88 cases,
whereas roof and lateral lines were blocked in 80 cases.
The atrium was reduced to a single-B topology in 79 cases.
In select cases where inducibility was tested, our findings

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780

supported the hypothesis that reentrant AT remains induc-
ible as long as 2 boundaries exist and ceases to be induc-
ible when only one boundary remains (Figure S3).

Freedom From AT During Follow-Up

After a median follow-up of 356 (IQR, 228-537) days,
16 patients experienced AT recurrence (18%). Out
of 13 undergoing repeat ablation, in 9 (69%) patients
recurrence was due to reconduction over a CB-CB line,
whereas in 4 (31%) patients, the mechanism of AT was
focal in the presence of blocked lines.

Expected Termination Rates of Blind Ablation

A strategy of a blind mitral lateral line, roof line, or line
connecting the MV 9 o'clock to an isolated LOB on the
anterior wall, would terminate 45 (51%), 15 (17%), and
8 (9%) cases. Combing a lateral and roof line in all, would
terminate 68 out of 88 (77%) cases. Combining a lateral,
roof, and line connecting the MV 9 o'clock to an isolated
LOB on the anterior wall would terminate 82 out of 88
(93%) cases.
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Case 5
(type A1—B3)

TCL: 275ms LA volume:118ml

LL

N of points:2960

N of PPI: 11

Wrong interpretation after
EAM/ETM+TOP

)

28 1 /

— roof block, conduction over the
lateral mitral isthmus, anterior
scar attached to MV 9 o’clock

— 2 boundaries

— single loop

— MV & RPV+LPV as CBs

Lateral line did not terminate AT
(instead AT prolonged to 340ms)

Prior: PVI/ roof/ defractionation

Post-hoc correct topological
interpretation

— roof block, conduction over the
lateral mitral isthmus, conduction
between MV and scar

— 3 boundaries

— dual loop

— RPV+LPV & LOB as CB1, CB2

Explaining why lateral line (CB1-
NCB) prolonged to 340ms (ATCL

65ms~dPPI at CB2)

Figure 8. Failed EAM/ETM+TOP.

AP indicates antero-posterior; AT, atrial tachycardia; CB, critical boundary; EAM, electro-anatomical mapping; ETM, entrainment mapping;
LA, left atrium; LL, left-lateral; LOB, isolated line of block; LPV, left pulmonary veins; MV, mitral valve; NCB, noncritical boundary; PA, postero-
anterior; PPI, post pacing interval; PVI, pulmonary vein isolation; RL, right-lateral; RPV, right pulmonary veins; TCL, tachycardia cycle length;

and TOP, topology.

DISCUSSION
Main Findings

(1) This study demonstrates how integrating topological
thinking within EAM/ETM may enhance control during
LA reentrant AT mapping and ablation; (2) The EAM/
ETM+TOP workflow reliably identified reentrant loops
in all but 1 case, with dual-loop activation observed in
62% of cases. In patients with no prior ablation, PVI-
only history or localized reentry, dual-loop activation was
universal (100%). (3) Direct or indirect CB-CB ablation
lines consistently terminated LA reentrant AT. (4) The
topology construct reliably anticipated TCL changes.
(5) In #10% of cases a coexisting RA reentrant AT was
present.

Advantages of Topological Thinking as an
Adjunct to EAM/ETM

Our data suggest that integrating topology enhances
but not replace well-established EAM/ETM. Together
with analysis of propagation movies, EAM/ETM is highly
effective, with AT termination rates of 90% to 100% and
1-year outcome of ~65%.2-°

Some reentrant AT cases, however, are charac-
terized by complex activation patterns (with multiple

Circ Arrhythm Electrophysiol. 2025;18:e013780. DOI: 10.1161/CIRCER.125.013780

loops or pseudo-reentry) and inconsistent entrainment
responses.*8121® |n addition, unexpected ablation-
induced responses like no termination or switch to a
sequential AT with longer TCL (up to 43%),2 may occur
throughout the ablation process. This may lead to time-
consuming remapping and deployment of unnecessary,
potentially harmful, lines.

The current study suggests that a topological per-
spective within EAM/ETM may enhance control at vari-
ous timepoints during the mapping and ablation phases
(Figure 2). An approach that enhances control without
incurring additional costs or requiring extra maneuvers
should be seen as a valuable advancement. While expe-
rienced operators may see benefit in complex cases,
topology will readily help mapping and ablation for less-
experienced operators holding common misconceptions
about reentry mechanisms. These include beliefs such
as: dual-loop is the exception rather than the rule (20—
29%), 2 loops may coexist without a common channel;
ablation should always target the slow conduction zone;
selective ablation of the active circuit (ie, outside the
common channel) will terminate AT; dual-loop ablation
may shorten the TCL; selective ablation of both loops
outside the common channel can terminate AT; and atria
with multiple boundaries may still contain a single circuit
with radial spread.

July 2025 536



920z ‘T Afenuer uo Aq Bio'sfeuinofeye;/:dny woly pspeojumogd

Duytschaever et al

Thinking topology may prevent incorrect annotation of
the critical isthmus and its aids in designing and execut-
ing indirect ablation strategies, whenever a direct strategy
is considered challenging or unsafe. During indirect abla-
tion itself, topology-driven TCL predictions help prevent
unexpected response changes, facilitate block identifi-
cation during ongoing tachycardia, allowing the opera-
tor to adhere to the initial strategy without remapping
and with confidence until block is achieved. Vice versa,
if an unexpected ATCL occurs upon ablation, reapply-
ing topology may clarify the correct mechanism (Fig-
ure b). Even in single-loop reentry, topology may expand
ablation options beyond the narrowest slow-conducting
channel, which is beneficial when this area is considered
unsafe to ablate (near the esophagus, AV node, phrenic
nerve, or LAA).

For EAM/ETM+TOP to claim superiority, a compara-
tor (like an EAM/ETM-only approach or ablation using
standard lesion sets) would be ideal. However, it is chal-
lenging to blind for topology (EAM/ETM-only) in map-
ping and ablation, once it is part of the thinking. On the
other hand, we can state that in the present cohort, a
strategy of blind anatomic lesion sets would have termi-
nated 93% of AT cases.

lts challenging to determine if EAM/ETM+TOP
also contributed to the excellent 1-year AT freedom of
82%, as outcomes depend on the extra lines deployed
after termination and the durability of all ablation lines
more than on the termination workflow itself. A criti-
cal unknown remains whether a strategy targeting all
boundaries (theoretically eliminating reentry) is neces-
sary to provide optimal freedom from recurrent AT.

Tips and Tricks for Optimally Using EAM/
ETM+TOP

When used correctly (stable cycle length, accurate ref-
erence electrogram), EAM and propagation movies
allow rapid, accurate identification of reentrant loop(s).
However, verifying color-coded maps with electrogram
review (eg, checking for double or fractionated poten-
tials) is essential to overcome incorrect LAT annotation
and interpolation errors falsely suggesting reentry.”? At
the anterior or posterior wall, however, it is challenging
to differentiate between true rotation around an iso-
lated LOB or passive curvature in the presence of a a
LOB connected to an anatomic boundary (Figure 5). To
facilitate EAM interpretation, one can easily annotate
the anatomic boundaries as silent areas and typically,
as shown by our work, the superior and inferior PVs can
be annotated as 1 single boundary as well. Entrainment
is not mandatory but may differentiate active from pas-
sive loops. A long PPl interval, however, can be indicative
both for a location outside the reentrant circuit(s) as well
as for a location around the second CB. In case of a
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passive loop, the PPl value at CB2 can help to predict
TCL prolongation and assess block in indirect ablation
strategies. However, PP| accuracy may be compromised
by TCL variation, inaccurate tagging, far-field capture, or
local conduction delay.

Throughout the article we have underscored how to
optimally implement topology within EAM/ETM. The fol-
lowing tips and tricks may be of added value;

+ The primary goal of a topologic mindset is to antici-
pate or verify the number of loops that will be or
were detected. Only in the presence of roof or
lateral mitral line block together with absence of
a LOB, one can safely retain a 2B topology. Vice
versa, if a patient only underwent no prior ablation
or PV isolation only, there is always a >3B topology.

+ Although boundary detection might be feasible by
mapping during SR or differential pacing, only dur-
ing AT one can differentiate CB from NCB.

* Being aware of the phenomenon of septal flash or
an outer loop might prevent unexpected responses.
In =3B topology, an outer loop encircles a CB and
its neighboring NCB."® While this loop is not readily
visible in most cases, in others, an outer loop might
be mistaken as the active loop (see the failed case).
Searching for a loop within a given loop can avoid
this error.

+ After EAM/ETM+TOP mapping, itis sensible to take
the time to reflect on the potential ablation strategies.
This time invest may offset later time-consuming
remapping and switch in strategy. In case of an indi-
rect ablation in an asymmetrical >3B-topology, it is
wise to start with a CB1-NCB line because a shift in
TCL (if in the order of magnitude of the PPI at CB2)
can be used to recognize block.

+ A shift to a second AT with prolonged TCL can be
topologically attributed to either CB1-NCB ablation
or ablation of the coexisting faster atrium. Other
mechanisms for ablation-induced AT slowing are
the presence of a tributarized isthmus,'” ablation-
induced conduction slowing, or endocardial but not
epicardial block.”'® Shortening of the TCL upon
ablation was not observed.

Limitations

This study requires updates by future studies from other
centers. It is plausible that pulsed field ablation with cre-
ation of wider lesions might alter the spatial distribution of
loops and boundaries. We did not study the role of reentry
and topology in focal activation patterns because these
cases were excluded. Descriptions of cases referred to
the atrial wall as myocardium with 2-dimensional prop-
erties only. In rare cases, dissociated epicardial connec-
tions (at Bachmann's bundle, vein of Marshall, coronary
sinus, or simply thicker tissue) may contribute to reentry.
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Finally, we did not test systematically (re-)inducibility for
AT at various timepoints during the procedure.
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