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BACKGROUND: Adenosine shortens action potential duration and refractoriness and provokes atrial fibrillation. This study aimed
to evaluate the effect of adenosine on mechanisms of wavefront propagation during atrial fibrillation.

METHODS AND RESULTS: The study included 22 patients undergoing catheter ablation for persistent atrial fibrillation. Left atrial
mapping was performed using the AcQMap charge density system before and after administration of intravenous adenosine
at 1 or more of 3 time points during the procedure (before pulmonary vein isolation, after pulmonary vein isolation, and after
nonpulmonary vein isolation ablation). Wave-front propagation patterns were evaluated allowing identification and quantifica-
tion of localized rotational activation (LRA), localized irregular activation, and focal firing. Additional signal processing was
performed to identify phase singularities and calculate global atrial fibrillation cycle length and dominant frequency. A total of
35 paired maps were analyzed. Adenosine shortened mean atrial fibrillation cycle length from 181.7+14.3 to 165.1+16.3, (mean
difference 16.6 ms; 95% Cl, 11.3-21.9, P<0.0005) and increased dominant frequency from 6.0+0.7 Hz to 6.6+0.8 Hz (95% Cl,
0.4-0.9, P<0.0005). This was associated with a 50% increase in the number of LRA occurrences (16.1+7.6-24.2+8.1; mean
difference 8.1, 95% ClI, 4.1-12, P<0.0005) as well as a 20% increase in the number of phase singularities detected (30.1+7.8—
36.6+9.3; mean difference 6.5; 95% Cl, 2.6-10.0, P=0.002). The percentage of left atrial surface area with LRA increased with
adenosine and 42 of 70 zones (60%) with highest density of LRA coincided with high density LRA zones at baseline with only
28% stable across multiple maps.

CONCLUSIONS: Adenosine accelerates atrial fibrillation and promotes rotational activation patterns with no impact on focal ac-
tivation. There is little evidence that rotational activation seen with adenosine represents promising targets for ablation aimed
at sites of stable arrhythmogenic sources in the left atrium.
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nized as the prevalent trigger for atrial fibrillation
(AF), mechanisms responsible for maintaining
AF and resulting in the progression from paroxys-
mal to persistent phenotypes are poorly understood.
Adenosine is known to shorten atrial myocardial ac-
tion potential duration and refractoriness, and its

Although pulmonary vein ectopy is widely recog-

administration may provoke AF.'~* This effect is medi-
ated by specific G-protein coupled cell surface recep-
tors and activation of outward potassium currents.®®
These are the same currents activated by cholinergic
stimulation through the binding of acetylcholine to
muscarinic receptors but despite the ionic basis for
this effect being well recognized, the impact on the
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CLINICAL PERSPECTIVE

What Is New?

e Adenosine appears to exert a functional effect
on atrial electrophysiology during atrial fibrilla-
tion resulting in an increase in rotational acti-
vation patterns throughout the left atrium that
coincides with an increase in dominant fre-
quency and shortening of whole chamber fibril-
latory cycle length.

e Adenosine does not affect the number of focal
firings.

What Are the Clinical Implications?

e Rotational activation during atrial fibrillation
may represent the functional electrophysiologi-
cal properties of the chamber rather than local
“drivers.”

e There is little stability in sites of rotational activa-
tion after administration of adenosine suggest-
ing these are poor targets for focal ablation of
atrial fibrillation mechanisms.

e Caution should be exercised when interpreting
data obtained during noncontact or noninva-
sive mapping with far field ventricular signals
excluded using adenosine to achieve atrioven-
tricular conduction block.

Nonstandard Abbreviations and Acronyms

AFCL  atrial fibrillation cycle length
LIA localized irregular activation
LRA localized rotational activation

properties of dynamic wavefront propagation during
AF are less clear. Spatially limited dominant frequency
mapping studies showed adenosine (or acetylcholine)
infusion resulted in increased dominant frequency with
differential effects between atrial sites potentially due
to the heterogenous distribution of adenosine recep-
tors across the atrial myocardium.®=8 This has been
proposed as indirect evidence of high-frequency re-
entry mechanisms maintaining AF and accelerated by
adenosine.®® Hansen et al recently examined the effect
of adenosine on AF in explanted human hearts (with
and without a history of AF) and 10 patients in whom
ablation confirmed “drivers” had been identified.!
However, the direct functional effect of adenosine on
dynamic wavefront propagation in a broader popula-
tion of patients undergoing ablation for persistent AF
has not been evaluated.

The AcQMap (Acutus Medical, Carlsbad, CA, USA)
noncontact mapping system allows visualization of
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high-density whole chamber atrial propagation using
a sampling frequency of 3125 Hz and spatial resolu-
tion of 2 mm on a 3-dimensional anatomical mesh of
~3500 vertices.""? Localized patterns of AF propaga-
tion may be classified as localized rotational activation
(LRA), localized irregular activation (LIA), and focal fir-
ing."" Ablation of these regions with repetitive activation
patterns has produced favorable outcomes in patients
with persistent AF.'3

Adenosine is frequently used during noncontact
mapping to cause transient atrioventricular block to
reduce the effect of far-field ventricular signals. In this
study we sought to evaluate the effect of adenosine
on atrial propagation patterns in patients undergoing
catheter ablation for symptomatic AF. The aim was to
both further examine the mechanisms involved in AF
maintenance and establish the extent to which atrial
propagation is altered by adenosine thus potentially
restricting the clinical utility of adenosine to aid AF

mapping.

METHODS

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

Patients

Patients undergoing elective catheter ablation for per-
sistent AF using the AcQMap system were included
in the analysis. This included patients enrolled in par-
allel research studies (RECOVER-AF [Utilizing Novel
Dipole Density Capabilities to Objectively Visualize
the Etiology of Recurrent Atrial Fibrillation Following
a Failed AF Ablation], NCT03368781; and BiMap-AF
[Biatrial Global High-Density Electroanatomical
Mapping of Atrial Fibrillation], NCT03812601) and un-
dergoing both first-time and repeat procedures for
recurrent AF. These studies were approved by the
local ethics committee and conducted according to
the principles of the Declaration of Helsinki. All pa-
tients gave written informed consent. Patients with a
clinical contraindication to adenosine administration
were excluded.

Activation Pattern Characterization
Activation patterns were classified using AcQTrack
(Acutus Medical) to identify regions of rotational, ir-
regular, and focal activation according to the defini-
tions outlined next. This is an automated algorithm
that tracks and evaluates conduction at every vertex
of the anatomy (=3500 in total) thereby removing any
subjectivity from the classification and quantification of
activation patterns. The distance between each vertex
is =2 mm, which represents the spatial resolution.
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Localized Rotational Activation

1. The LRA algorithm computes the degrees of conduc-
tion propagation around a central point by summing
the angle differences of sequential conduction veloc-
ity vector directions around the central point. If the
rotational angle of conduction exceeds 270 degrees,
rotation is detected at the central point. An area of
~300 mm? around the central point is considered.

2. To ensure smooth propagation around the central
point, an r? of a linear fit of activation time to posi-
tion around the central vertex must exceed 0.7.

3. Conduction velocity vector directions changes can-
not exceed 45 degrees per position change around
the vertex

4. Activation time difference around the central obsta-
cle must be >50 ms.

Localized Irregular Activation

1. The LIA algorithm computes the difference in angle
between cardiac conduction entering and leaving a
confined region. If the angle difference of conduc-
tion entering and leaving a confined region exceeds
90 degrees, LIA is detected.

2. An area of ~200 mm? is considered a confined
region

3. Wavefronts are considered to be passing through
the region if the activation time differences between
the border of the confined region and the central
vertex would result in a conduction velocity be-
tween 0.3 m/s to 3.0 m/s.

4. Activations are grouped into entering and leaving
the region based on the activation time with com-
parison to the central vertex. A mean conduction
vector entering the region and leaving the region
are then computed. Angle difference between the
vector entering and leaving the region are com-
puted and if the difference exceeds 90 degrees,
LIA is detected.

Focal Activation

1. The focal activation algorithm determines whether
an activation at a vertex came from a previous
cardiac wavefront, or whether activation sponta-
neously started from the current activation. Focal
activation is detected at a vertex if an activation
is earlier than its neighbors’ activation by at least
3 ms, and conduction spreads outward from the
early activation.

2. Activations are connected as a wavefront if the time
difference between the 2 activation times would
produce a conduction velocity >0.05 m/s.

For each activation detected at a vertex of the cham-
ber, a disc (as illustrated in the examples in Figure 1A
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through 1C) is shown corresponding to the confined re-
gion in which the pattern is detected. For quantification
of these activation patterns, as described in detalil later,
where these discs overlap at the same point in time (for
example in the case of a meandering LRA), then a single
occurrence is counted.

Electrophysiological Mapping Procedure
Procedures were carried out under general anesthetic
in line with standard institutional practice. With the
exception of amiodarone, antiarrhythmic drugs were
stopped a minimum of 5 days before the procedure.
Heparin boluses were administered before transsep-
tal puncture followed by continuous heparin infusion
to maintain an active clotting time >350 s. A decapo-
lar catheter (Inquiry, Abbott Medical) was inserted into
the coronary sinus and the AcQMap mapping catheter
was inserted into the left atrium. A circular mapping
catheter (Inquiry Optima, Abbott Medical) was used to
guide pulmonary vein isolation (PVI). In patients attend-
ing the procedure in sinus rhythm, AF was induced
with burst pacing from the coronary sinus and only
sustained AF was mapped for inclusion in the analysis
(no patients demonstrated spontaneous termination
after induction). A 3-dimensional ultrasound gener-
ated anatomy of the left atrium was reconstructed and
electrophysiological recordings from 48 noncontact
electrodes obtained using the AcQMap system as pre-
viously described.""? Recordings were taken at 1 or
more of 3 time points during the procedure for each
participant: before PVI (in those undergoing first-time
procedures), immediately after PVI, and after nonpul-
monary vein left atrial ablation. At each time point, an
additional recording was obtained during the admin-
istration of a bolus of 15 mg of adenosine with phar-
macological effect confirmed by the observation of
transient atrioventricular conduction block and/or hy-
potension. Radiofrequency ablation was delivered to
achieve PVI (or reisolation). Following this, additional
nonpulmonary vein ablation was delivered guided by
baseline AcQMap propagation maps targeting regions
with highly repetitive patterns of focal firing, LIA, or
LRA over several map segments as determined by the
operator.

Propagation Map Construction, Export,
and Analysis

Electrophysiological recordings before and after aden-
osine administration were processed for construction
of propagation history maps. For each time period, a
b5-second segment was taken, which in the case of
adenosine corresponded with maximal atrioventricular
conduction block. A 100 Hz low pass filter and 50 Hz
notch filter were applied, outlier electrode signals
were excluded after manual interrogation (to identify
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spurious signals as a result of electrode damage dur-
ing catheter insertion/preparation), and the QRS-T
wave subtraction algorithm applied for all recordings
(including those obtained after adenosine administra-
tion). Propagation maps were calculated and displayed
using the default minimum amplitude sensitivity of
0.02 mV, time threshold of 70 ms (representing a con-
servative value for minimum atrial refractoriness) and
window width of 80 ms (determining the duration of
display of propagating wavefronts). Wavefront propa-
gation patterns were evaluated using the AcQTrack
system and data exported for analysis in custom de-
signed software.

Propagation Pattern Quantification

For each 5-second map, AcQTrack data for LRA, LIA,
and focal firing were extracted and quantified. Example
patterns are shown in Figure 1 and a detailed expla-
nation of the AcQTrack algorithm was outlined previ-
ously. A predefined method of pattern quantification
was used in order to allow statistical comparison of
activation patterns observed and is outlined in further
detail in the Supplementary Methods and Figures S1

Impact of Adenosine on AF Propagation

through S3. All occurrences for the segment were ini-
tially included and displayed as a static density map
on the reconstructed anatomy. LRA and LIA were
then quantified according to the raw number of oc-
currences of these patterns, the percentage of time
over the segment that these patterns were present,
and the percentage of atrial surface area covered. For
focal firing, only the number of occurrences during the
recording period were counted.

In order to correct for false positive pattern detection
and isolated occurrences and to identify those regions
in which specified activation patterns are repeatedly
observed, a method of applying detection cutoffs was
devised for LRA and LIA. A dynamic threshold, indi-
vidualized for each recording is required given signif-
icant variation in frequency and duration of patterns
across the chamber, which could result in a fixed fre-
quency threshold, at a point suitable for 1 patient/map
segment, either excluding all activation occurrences,
or not sufficiently excluding regions with low relative
frequency when applied to another recording. In ad-
dition, the relationship between frequency and dura-
tion of pattern occurrences is not fixed meaning that a

Figure 1. AcQTrack identifies FF (A) characterized by radial activation from a central earliest point, LRA (B) where smooth
rotational activation of >270 degrees is observed; and LIA (C through F). LIA includes a range of specific patterns of
activation, all characterized by changing wavefront direction of >90 degrees.

Pink, green, and yellow dots (A through C) are shown as examples of what can be seen during a procedure to illustrate the region in
which FF, LRA, and LIA are detected using AcQTrack. FF indicates focal firing; LIA, localized irregular activation; and LRA, localized

rotational activation.

J Am Heart Assoc. 2022;11:e021166. DOI: 10.1161/JAHA.121.021166



Pope et al

Impact of Adenosine on AF Propagation

threshold considering only a set percentage of pattern
occurrences without including the duration these are
present may be inadequate. First, a static map was
generated with all pattern occurrences included and
the percentage of time the pattern was present any-
where in the chamber was calculated. Occurrences
were then excluded using cutoff values according to
the frequency of each pattern that represent a 5%,
10%, 20%, 30%, and 40% relative drop in the total
time the pattern was present resulting in gradually
greater exclusion of regions with infrequent pattern
occurrences and leaving those with the greatest fre-
quency of detection (Figure 2). As well as measuring

the number of occurrences of each activation pattern,
measuring the proportion of time these patterns are
present over the fixed map duration (5 s) provides a
measure of the duration that LIA or LRA persists and is
therefore a marker of stability. Further detailed expla-
nation is included in the supplementary methods.

Signal Processing and Dominant
Frequency Analysis

Virtual electrograms from each vertex of the surface
mesh (=3500 in total) making up the reconstructed anat-
omy were also exported for analysis and calculation of

Percentage time
g & g g8 2z 8

S

o

Minimum number of local occurrences

LIA-cutoff=5%

B No cutoff

number of local occurrences

A Percentage of time LIA present according to the
minimum frequency of LIA at each chamber vertex

90 R ——
0%
_ 20%
2. 8A’No cutoff: all LIA occurrences are shown
) (pink area).
5 5% cutoff: The bar is moved down 5% of
91% down to 86.5% excluding all points with
’ fewer than 6 occurrences (yellow area).
10% cutoff: The bar is moved down 10% of
91% down to 81.9% excluding all points with
fewer than 7 occurrences (green area).
20% cutoff: The bar is moved down 20% of
0 . 91% down to 72.8% excluding all points with
2

9 10 11 12 13 14 15 16 17 18 19 20 21 22

In this example of LIA analysis, LIA
was seen somewhere in the chamber for
91% of the segment duration. At each
919 individual point in the chamber a minimum of
0 up to a maximum of 21 separate LIA
occurrences were seen.

fewer than 9 occurrences (blue area).

LIA-cutoff=10% LIA-cutoff=20%

Jol/luy

J101491s0d

Figure 2. Method of applying cutoffs to LIA detection to exclude infrequent pattern occurrences
(A) With no cutoff applied, all occurrences are counted and the percentage of time occupied calculated (y axis). Cutoffs are then

applied based on this analysis. Applying a 5%,

10%, and 20% relative reduction in the total time that patterns are present results in

gradual exclusion of the least frequent occurrences below the minimum number of local occurrences (at each vertex) shown on the x
axis. (B). In this example the 5% cutoff results in excluding regions with fewer than 6 LIA occurrences, with increasing exclusion with
higher cutoffs. (Regions with excluded occurrences are shown in grey, red shows areas with no occurrences irrespective of cutoff).

LIA indicates localized irregular activation.
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atrial fibrillation cycle length (AFCL) and identification of
phase singularities. Virtual electrograms were filtered
and phase reconstruction achieved using a method of
sinusoidal recomposition and the Hilbert transform as
previously described.'* Phase singularity detection and
lifespan calculation were then completed in line with
previously described methods.’® For AFCL calculation,
the cycle length at each nodal point was calculated for
the 5 s recording from the phase signals and results for
all signals combined to provide the mean global AFCL
over the duration of the 5 s segment.

Virtual dipole signals were exported from each vertex
of the chamber and dominant frequency (DF) identified
as the maximum peak of the frequency-power spec-
trum at values within a presumed physiological range
between 4 and 10 Hz after Fast Fourier Transform per-
formed in Matlab (Mathworks 2019a). The mean and
SD for all signals across the chamber were calculated
to give the chamber DF value for comparison. Regions
of high DF, defined as a localized zone with DF higher
than all surrounding regions, were identified and com-
pared with regions of high-frequency LRA.

Clinical Outcomes

Clinical outcomes were assessed according to acute
procedural effects resulting in ablation terminating AF
(either directly, or via an organized atrial tachycardia) or
requiring direct current cardioversion to restore sinus
rhythm. Differences in propagation patterns before
and after adenosine were compared on the first map
obtained in each patient (ie, at the earliest stage of the
procedure) according to acute procedural outcome.

Statistical Analysis

Statistical analysis was performed using SPSS (ver-
sion 25, IBM) or MatLab (Mathworks, R2019a).
Continuous variables were assessed for normality of
distribution using the Shapiro-Wilk test and expressed
as mean+SD. Data were compared using the paired
samples t-test comparing each map obtained with and
without adenosine. Where differences were not nor-
mally distributed data were additionally transformed
and analyzed using a 1-sample ¢ test. If the results are
concordant then the paired sample t test is reported.
Categorical data are expressed as a number and
percentage.

RESULTS

Patients

Twenty-two patients with persistent AF were included
in the analysis. Mean age of the population was 60+12
and 68% were male. Other characteristics are shown
in Table 1. Maps with and without adenosine were
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Table 1. Patient Characteristics for All Patients (n=22)
Characteristic All patients
Age, y, mean (SD) 60+12
Male, n (%) 15 (68)
Body mass index , kg/m?, median (Q1, Q3) 29 (25-30)
Amiodarone periprocedure, n (%) 6 (27)
Ejection fraction, %, median (Q1, Q3) 55 (54-60)
Left atrial diameter, mm, median (Q1, Q3) 45 (39-50)
Time since diagnosis, y, median (Q1, Q3) 3.5 (2-5)
First time procedure, n (%) 8 (47)

In atrial fibrillation at procedure start, n (%) 14 (82)

created before PVIin 11 participants, immediately after
PVIin 15 participants, and after additional left atrial ab-
lation in 9 participants resulting in a total of 35 paired
maps. In all cases, a clear effect of adenosine on atri-
oventricular conduction was observed with a mean
longest RR interval of 5708+2933 ms.

Wavefront Propagation Patterns

At baseline, the number of LIA occurrences was
99+20 (within the 5 s of recorded segment), which
increased to 109+26 with adenosine, a statistically
significant difference of 10 (95% ClI, 2-19, P=0.012).
When a 5% cutoff was used, LIA occurrences with
adenosine were 83+16 compared with 76+15, re-
flecting a statistically significant difference of 7 (95%
Cl, 2.5-11, P=0.003). At 10%, 20%, 30%, and 40%
cutoffs there was no difference in the number of LIA
occurrences with adenosine (71£13 from 67«11, dif-
ference 4, 95% CI, —1.1 to 7.7, P=0.133; 53+9 from
51+9, difference 2, 95% CI, -1.8 to 4.7, P=0.372;
41+£8 from 41x7, difference 0, 95% CI, -2.8 to 3.1,
P=0.906; and 32+5 from 3245, difference 0, 95% Cl,
-2.8 t0 2.3, P=0.840 for 20%, 30%, and 40% cutoffs
respectively—see Table 2). When analyzed as a per-
centage of time over which LIA occurred, adenosine
resulted in a small but statistically significant increase
in time LIA was present at all but the 40% cutoffs.
The percentage of left atrial surface area in which
LIA occurred was not affected by adenosine except
for a small decrease in the surface area at the 30%
(19.2+5.6 to 16.4+3.5, difference 2.8, 95% ClI, 0.5-5,
P=0.019) and 40% (14.0+£5.4 to 11.6+3.0, difference
2.4, 95% Cl, 0.4-4.3, P=0.021) cutoffs.

Irrespective of cutoff value, there was a signifi-
cant increase in LRA with adenosine. The smallest
increase in LRA occurrences was from 8.4+5.2 to
141+5.7 observed at the 20% cutoff (5.7, 95% Cl, 2.7-
8.6, P<0.0005), with the largest effect from 16.1+7.6 to
24.2+8.1 detected with no cutoff applied (8.1, 95% CI,
41-12, P<0.0005). The same pattern was observed
when measured as a percentage of time LRA was
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Table 2. Effect of Adenosine of LIA, LRA, and FF for All
Maps, n=35 of 5-S Duration

Impact of Adenosine on AF Propagation

Impact of Adenosine on the Percentage Time LRA was Present

T

— I Bascline

50

45 [ Adenosine | -

w0t o — « P<0.0005 |
. «+ P=0.001

35 — B

30 - — b

25 1

20 1

Percentage time LRA present

Cutoff 0 Cutoff 5 Cutoff 10

Cutoff 20

Cutoff 30 Cutoff 40

Baseline Adenosine | Difference (95%
Cutoff | (SD) (SD) Cl) P value
LIA number of occurrences
0% 99+20 109+26 10.0 (2 to 19) 0.012
5% 83+16 76+15 7 (2.5t0 11.0) 0.003
10% | 67+11 71£13 3.3 (-1.1t077) 0.133
20% | 51£9 53+9 1.5(-1.8t04.7) 0.372
30% | 417 41+8 0.2 (-2.8103.1) 0.906
40% | 3245 3215 -0.3(-2.8t02.3) 0.840
LIA % time
0% 76.4+£11.1 79.9+12.4 3.5(0.5t06.7) 0.025
5% 69.9+12.6 74.2+12.3 43(1.5t07.2) 0.004
10% | 66.2+11.2 70.2+11.0 4.0(11t06.8) 0.007
20% | 57.7+10.2 61.1+£9.1 3.4 (1.0t05.8) 0.007
30% | 50.1+£8.2 52.9+9.6 2.7(0.2t05.9) 0.035
40% 41.6+7.4 44.0+7.4 24 (-0.2t05.1) 0.072
LIA % surface area
0% 85.8+11.3 86.1+13.8 0.3(-3.5t04.0) 0.889
5% 46.1+10.0 46.4+10.2 0.3(-3.61t04.2) 0.887
10% | 37.9+7.8 35.6+8.4 -2.3(-6.3t0 1.6) 0.242
20% | 25.56+5.2 23.5+5.9 -2.0(-4.5t00.4) 0.096

30% 19.2+5.6

-
(-

16.4+3.5 -2.8(-5.0t0 -0.5) | 0.019
(-

40% 14.0+5.4 11.6+3.0 -2.4(-4.3t0-0.4) | 0.021

LRA number of occurrences

0% 16.1+7.6 24.2+9.8 8.1 (4.1t0 12) <0.0005
5% 11.3+6.5 18.6+8.1 7.3(3.7t010.7) <0.0005
10% 10.7+6.3 17.9+7.9 7.2 (4.0t0 10.5) <0.0005
20% 8.4+5.2 141+6.4 5.7 (2.7 t0 8.6) <0.0005
30% | 6.8+41 11.6+4.9 4.8(26106.7) <0.0005
40% | 5.5+3.3 10.2+4.3 4.7 (2.8106.5) <0.0005
LRA % time
0% 29.8+11.8 43.3+15.5 13.5 (7.1 10 19.9) <0.0005
5% 24.5+11.6 37.4+14.5 12.9 (6.8 to 19.0) <0.0005
10% | 23.6+36.3 | 36.3+14.1 12.7 (6.9 to 18.5) <0.0005
20% 19.6+10.3 30.1£12.5 10.5 (4.9 t0 16.3) 0.001
30% 17.0£9.0 25.5+10.3 8.5(4.3t012.8) <0.0005
40% 13.9+7.6 23.0+9.5 9.1 (5.0to 13.1) <0.0005
LRA % surface area
0% 22.3+8.3 29.6+10.2 7.3(3.3t0 11.3) 0.001
5% 12.7+6.5 16.0+6.7 3.3(0.19t0 6.5) 0.038
10% 11154 14.8+6.3 3.7(111t06.2) 0.007
20% | 7.7£3.3 101441 2.4(0.6t04.2) 0.012
30% | 6.0£2.5 7737 1.7 (0.6 t0 3.0) 0.005
40% | 4.7£2.2 6.3+2.8 1.6 (0.6t02.7) 0.004
FF numbers
24.5+8.2 22.0+7.33 -25(-61t01.2) 0.18

FF indicates focal firing; LIA, localized irregular activation; and LRA,
localized rotational activation.
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Figure 3. Effect of adenosine on percentage time of LRA
occurrences for all maps (n=35).
LRA indicates localized rotational activation. Bars represent SE.

present as illustrated in Figure 3. Adenosine adminis-
tration resulted in a small increase in the proportion of
the left atrium surface area in which LRA occurred. See
Table 2 for full results. Examples of the effect of ade-
nosine are shown in Videos S1 and S2 and in Figure 4.
Although differences were observed at all stages,
this did not reach statistical significance at baseline,
and was most pronounced post PVI and after nonpul-
monary vein ablation (see Figure 5 and Table S1).
Adenosine had no significant effect on the number
of focal firings observed (24.5+8.2 versus 22.0+7.3 at
baseline, difference —-2.5, 95% Cl, -6 to 1.2, P=0.18).

AF Cycle Length

At baseline, AFCL was 181.7+14.3 ms, which reduced
to 165.1+16.3 ms with adenosine, a mean shortening of
16.6 ms (95% ClI, 11.3-21.9, P<0.0005). The value for
the fifth percentile of AFCL in each map was also ana-
lyzed to reflect the fastest activation rates, proposed
as a surrogate of refractoriness. Adenosine resulted in
a similar shortening of the fifth percentile of AFCL from
135.0+11.1 ms to 127.5+12.2 ms, a mean reduction of
75 ms (95% ClI, 3.8-11.2, P<0.0005). The coefficient
of variance of AFCL (SD/mean) was 0.072+0.028 at
baseline, and 0.052+0.016 with adenosine (difference
0.020, 95% CI, 0.01-0.03, P<0.0005).

There was a concomitant increase in global DF with
adenosine from a mean of 6.0+0.7 Hz to 6.6+0.8 Hz, a
statistically significant mean difference of 0.6Hz (95%
Cl, 0.4-0.9, P<0.0005). Coefficient of variance in DF
reduced with adenosine from 0.08+0.05 to 0.06+0.02,
but this was not statistically significant (mean differ-
ence 0.02, 95% ClI, —0.003 to 0.03, P=0.0915).
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LAT (ms)

Figure 4. Example activation map of a zone of LRA on the inferoposterior LA seen after adenosine injection (A).

Dipole signals around this rotational pivot point demonstrate progressive activation. The same pattern of activation is shown in Videos
S1 and S2 and the conduction velocity vector map (B) demonstrates the angles of propagation around the central point. AP indicates
anterior posterior; LA, left atrium; LRA, localized rotational activation; and PA, posterior anterior.

Phase Singularities

Multiple short-lasting phase singularities were found in
all recordings. There were a greater number of phase
singularities seen with adenosine (36.6+9.3) compared
with baseline (30.1+7.8), which represented a statisti-
cally significant mean difference of 6.5 (95% Cl, 2.6—
10.0, P=0.002). There was a small but statistically
significant increase in the lifespan of phase singulari-
ties with adenosine from 509+161 to 599+245 ms (90;
95% Cl, 13-167; P=0.023).

Impact of Adenosine on LRA duration pre-PVI, post-PVI

60 and After Further Ablation

-
[ Baseline
[ Adenosine

P=0.0050
—

i P=0.2537
J ! P=0.0079
00075

40
30

20t

Percentage time LRA present

pre-PVI

post-PVI End Ablation

Figure 5. Effect of adenosine on LRA duration before and
after pulmonary vein isolation, and after nonpulmonary vein
ablation (bars represent standard error).

(n=11 pre-PVI, n=15 post-PVI, n=9 end ablation). LRA indicates
localized rotational activation; and PVI, pulmonary vein isolation.
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Spatial distribution of LRA

In light of the observation of LRA occurring over a
greater left atrium surface area with adenosine, each
map was visually inspected at the highest cutoff to
identify whether regions with repetitive LRA remained
spatially consistent or were changed with adenosine
use. At baseline, a region of repetitive LRA could be
identified in 89% (31 of the 35) of maps, with 61 zones
identified in total (1.7+1.1 per map). Following adeno-
sine infusion, 70 zones were identified across all 35
maps (2+1 per map), with 42 of these zones (60%;
1.2+1.0 per map) localized to the same site as LRA in
baseline maps. Figure 6 illustrates regions of repeti-
tive LRA in 2 patients before and after adenosine in-
fusion. Regions of high-frequency LIA and LRA may
overlap, given that multiple wavefronts over different
AF cycles may or may not satisfy criteria for LRA within
the same confined region (eg, partial rotation through
180 degrees) and be classified as LIA. A total of 81%
of sites with high-frequency LRA with adenosine coin-
cided with sites where high-frequency LIA was seen
on baseline maps. There were 11 maps (in 9 patients)
where the zones of LRA observed in adenosine maps
were all in different sites from the baseline maps. In 4
of these, there were no regions of repetitive LRA seen
at baseline.

In those patients where mapping was performed at
more than 1 time point during the procedure (n=12; 1
patient had maps at all 3 time points), regions with the
highest frequency of LRA seen on adenosine maps
were compared. Across maps, 54 sites were identi-
fied, with 15 (28%) of these present at more than 1 time
point during the procedure.
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Figure 6. Regions of highly repetitive LRA after adenosine infusion identified at 20% cutoff threshold (in pink/purple) occur
at regions of LRA at baseline at lower frequency in patient 10 (top images) in contrast with patient 8 (lower panel) in whom
adenosine promotes LRA in regions widely distributed throughout the chamber with little correlation to those zones seen

at baseline.

Mitral annulus is outlined in black, areas of excluded occurrences are shown in grey. AP indicates anterior posterior; LRA, localized

rotational activation; and PA, posterior anterior.

Across 26 maps at baseline, 40 sites of high DF
were identified with 13 of these (33%) correlating with
sites of high-frequency LRA. After adenosine injection,
44 high DF sites were identified (in 30 maps), with 12
(27%) of these aligning with sites of high-frequency
LRA (see Figure 7).

Clinical Outcomes

Ablation resulted in acute termination to sinus rhythm
in 6 (27%), with the remainder undergoing direct cur-
rent cardioversion at the end of the procedure. Those
in whom direct current cardioversion was required
had more LRA on baseline maps compared with pa-
tients in whom ablation terminated AF. This was most

J Am Heart Assoc. 2022;11:e021166. DOI: 10.1161/JAHA.121.021166

prominent at 20% cutoff when measured as a number
of LRA occurrences (9.0+5.2 versus 3.7+2.3, 95% Cl,
0.7-10, P=0.0270), proportion of time LRA was pre-
sent (20.8+10.8 versus 10.3+6.5, 95% Cl, 0.6-20.5,
P=0.0380) or the surface area affected (8.3+3.3 versus
3.942.3, 95% Cl, 1.3-7.5, P=0.0080). There was no dif-
ference between the 2 groups on adenosine maps on
any measure. See Tables S2 and S3 for full results.

DISCUSSION

The main findings of our study are that intravenous
adenosine injection has the following effects on AF:
(1) AFCL shortening with increase in DF, (2) a modest
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Figure 7. Dominant frequency (DF) maps for the same patients included in Figure 6.

A zone of highest DF in patient 10 is seen at the base of the LAA in the AP view both before and after adenosine injection, which does
not correlate with the region of high-frequency LRA seen on the posterior wall (see Figure 6). Zones of high DF are also seen in patient
8 in the septum, roof, and mitral isthmus at baseline. A region of high-frequency LRA is seen on the roof of the LA (Figure 6) but there
is no correlation with other zones of high DF. A region of high DF in the posterolateral mitral isthmus after adenosine correlates with
a site of LRA. Mitral annulus is outlined in black, color scale ranges from lowest to highest DF in each patient. AP indicates anterior
posterior; LA, left atrium; LRA, localized rotational activation; and PA, posterior anterior.

increase in wave propagation irregularity (as defined by
LIA parameter), (3) marked increase in the number of
short-lasting rotating waves (assessed both by activa-
tion time and phase singularity mapping), and (4) an
increase in the lifespan of rotating waves. We found no
effect of adenosine on focal firing frequency. Although
the majority (60%) of regions found to have high LRA
counts on adenosine maps were consistent with the
zones identified at baseline, 40% of regions seen were
revealed only with use of adenosine and only 28%
were consistent across multiple mapping time points.
The mechanisms responsible for maintenance of
persistent AF are poorly understood. Early studies in
animal models led to the description of localized rotors,
defined as organized and repetitive reentry circuits
thought to represent organized drivers.'®'® In recent
years, efforts have focused on developing techniques
to map these sources to guide additional ablation be-
yond the pulmonary veins in a bid to improve clinical
outcomes. Although early results of this strategy were
promising,?°-2% recent randomized studies evaluating
this approach have been disappointing.?* Furthermore,
these methods have primarily relied on a phase map-
ping approach applied either to multielectrode basket
catheters or noninvasive body surface electrodes,
which aim to identify phase singularities represent-
ing the pivot point of localized rotors.?® Further stud-
ies and evaluation of this technique have revealed
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contrasting results and highlighted the limitations of
this approach.?6-2°

The noncontact mapping employed in this study re-
veals patterns of propagation based on charge density
reconstruction.’ Uniquely, this system allows visualiza-
tion of the dynamics of wavefront propagation during
AF and reveals recurrent patterns of partial rotation,
directional changes, conduction slowing, and focal fir-
ing with a high degree of spatial stability.!” Although the
ionic effects of adenosine have been well defined, the
functional impact of these changes on wavefront prop-
agation are less clear. The presumption that hyperpo-
larizing the atrial myocardial cell membrane, as well as
shortening action potential duration and refractoriness,
promotes reentry appears theoretically sound and is
supported by our results with the predominant effect
of adenosine being a promotion of LRA.%° Hansen et al
showed that adenosine promoted local reentry at sites
of AF termination or cycle length slowing, proposed as
evidence of adenosine unmasking sites of reentry driv-
ing AF propagation.’® However, although 9 of the 15
sites identified (in the 10 patients studied) were more
pronounced with adenosine, 6 were not.'® We found
that only 28% of sites identified with adenosine were
stable between recordings. Moreover, the rotational
activation promoted by adenosine was evident both in
regions with repetitive patterns (as identified using the
higher cutoffs) but also distributed more widely through
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the chamber (seen with no cutoff applied). Patients in
whom ablation terminated AF had less rotational acti-
vation at baseline but the effect of adenosine was the
same irrespective of acute procedural outcome, which
is not in keeping with the theory that sites revealed
with the use of adenosine represent arrhythmogenic
sources responsible for AF propagation. The degree
of rotational activation measured after adenosine ap-
pears to represent the pharmacological properties of
the drug, independent of the individual substrate prop-
erties of the patient. The degree of rotational activation
before adenosine administration was, however, lower
in patients in whom ablation achieved sinus rhythm.
It may be that the degree of rotational activation seen
serves as a surrogate marker of atrial functional elec-
trophysiological properties that affect the likelihood of
acute termination, but these are concealed by use of
adenosine rather than revealed and do not provide ev-
idence that targeting ablation to areas identified with
the use of adenosine are likely to yield improved pro-
cedural outcomes.

Sites of high-frequency LRA and LIA may overlap as
these both represent localized directional changes in
propagation. Atotal of 81% of LRA zones identified using
adenosine occurred in regions with high-frequency LIA
at baseline. Reentry mechanisms have been shown to
anchor to structural heterogeneities,3"%? whereas LIA
zones are highly stable between recordings, perhaps
reflective of local structural abnormalities or anatomical
complexities,® which results in directional change in
propagation at these sites. Shortening of atrial refrac-
toriness with adenosine enables the directional change
to complete >270 degrees of rotation and persist for
longer therefore appearing as LRA. Importantly, these
are generally short-lived patterns of incomplete rota-
tion rather than stable complete reentry. Zaman et al
reviewed reconstructed isochronal maps from sites of
acute AF termination during ablation of persistent AF
guided by focal impulse and rotor modulation map-
ping. The predominant activation pattern seen was
that of incomplete rotation (in 46%) with stable rota-
tional sources identified in only 21%, in keeping with
high-density contact mapping studies.?#%® We did
not find stable rotating waves using both approaches
(LRA and phase singularity mapping). It may be that
regions of high-frequency LIA best reflect anatomical
properties that affect wavefront propagation, with LRA
determined by functional atrial properties. Importantly,
the patterns of LRA promoted by adenosine occur in
a spatiotemporally diverse distribution and are there-
fore of limited clinical relevance when devising ablation
strategies.

No effect on focal firing was observed.
Hyperpolarization of the atrial myocardial cell mem-
brane results in slowing in the rate of diastolic de-
polarization thus reducing automaticity. In addition,
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adenosine is known to inhibit catecholaminergic sen-
sitive L-type inward calcium currents within the atria.®°
Importantly, however, all the patients included in our
analysis had persistent AF. Adenosine appears to
have differential effects in patients with paroxysmal
versus persistent arrhythmia possibly because of the
relative difference in etiological contribution of the pul-
monary veins and wider atrial myocardial substrate.®®
Increased pulmonary vein firing after adenosine infu-
sion is well described but is likely to be of greater sig-
nificance in paroxysmal AF and not observed during
persistent arrhythmia.3¢3” Furthermore, apparent focal
firing during persistent AF may be related to epicardial
to endocardial breakthrough rather than automaticity
(which is not affected by adenosine).®® Reentry mech-
anisms may occur at the micro-anatomic level, detect-
able only using high-resolution optical mapping® and
not revealed at the resolution of the clinical mapping
system used in this study. However, if present and pro-
moted by adenosine, then it would be anticipated that
this would manifest as an increase in focal activations
appearing on the endocardial surface, which was not
observed.

These results suggest a global acceleration of AF
within the left atrium as demonstrated by a reduction
in mean AFCL with significant (albeit small) reduction
in variation of AFCL from 7.2% to 5.2% (measured by
coefficient of variance of AFCL), which is supported by
the concomitant increase in DF. This suggests a global
atrial pharmacological effect rather than limited focal
changes that would be expected to cause greater het-
erogeneity in AFCL (or DF) across the chamber.

Limitations

These results are restricted to analysis of left atrial
propagation. The distribution of adenosine receptors
is heterogenous’ and in persistent AF, an increase
in dominant frequency with adenosine was demon-
strated only in the high right atrium.® The right atrium
is known to represent sites of mechanistic significance
in a proportion of patients with AF and a differential ef-
fect of adenosine on right atrial propagation cannot be
excluded.?"®9

Only short segments of maps (5 s duration) were
analyzed. Spatiotemporal variation in AF propagation
may mean that patterns of propagation change during
different or longer map durations. The differences
observed after adenosine administration were highly
consistent suggesting this was not simply the result
of a different time period of measurement. Although
an increase in LIA was also observed, these changes
were small, only significant (in terms of number of pat-
tern occurrences) in raw analysis and 5% cutoff, and
not likely to be clinically significant. Given the whole
chamber acceleration in AFCL, a greater number of
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AF cycles would be expected over the same record-
ing period and a small increase in the occurrences
of infrequent spatially diverse irregular activation may
therefore be observed. Furthermore, the proportion
of time LIA patterns were present increased by only
3.2%-3.8%, which is unlikely to be significant and may
also be driven by the reduction in refractoriness.

The technology used in this study is based on the
resolution of local charge density derived through ap-
plication of the inverse solution to multiple simultane-
ously recorded intracavitary unipolar electrograms.'?
Electrical activity on the endocardial surface (discret-
ized as ~3500 vertices) is obtained as an inverse solu-
tion based on measurements of 48 electrodes of the
basket catheter. This is a unique approach aimed at
achieving a more accurate local representation of car-
diac activation and has been validated against contact
unipolar recordings.*® However, the precise implication
of this technique on the visualized map of atrial acti-
vation compared with alternative techniques is difficult
to discern and requires further extensive comparison
given the lack of sufficient validation of activation pat-
terns against contact recordings or optical mapping
during AF.

It is difficult to establish the effect of ablation. The
effects on LRA were consistent at all stages of the pro-
cedure but not statistically significant before any abla-
tion. The primary analysis was intended to detect an
effect across all maps and may have been underpow-
ered to detect differences with subanalyses. The differ-
ence in statistical significance was driven in part by a
reduction in LRA observed post PVI, which may be the
result of pulmonary vein ablation incorporating sites of
LRA. However, this difference was not statistically sig-
nificant and if PVI eliminated rotational sites it would
be anticipated that this would also reduce the impact
of adenosine, which was not observed. Although the
number of rotational activation patterns were lower in
patients in whom ablation was acutely successful, it
is difficult to draw further conclusions about the pro-
cess of sinus rhythm restoration, which was not seen
to occur instantaneously after ablation delivery. It can-
not therefore be determined whether the first area tar-
geted, or the last, or a combination of all of them was
the critical mechanism maintaining AF. Furthermore,
although we report acute procedural outcomes, these
may not correspond to clinically meaningful long-term
outcomes, which would require further analyses be-
yond the scope of this study.

CONCLUSIONS

Our results suggest that rotational activation, in con-
trast with focal firing, and much less so LIA, is influ-
enced by adenosine. Adenosine allows for a higher
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density of rotating wavefronts at spatially variable sites
throughout the left atrium and shorter global cycle
length with increase in DF. The degree of rotational ac-
tivation may serve as a surrogate measure of individual
atrial functional properties, with little evidence that
rotational activation seen with adenosine represents
promising targets for ablation aimed at arrhythmogenic
sources of AF perpetuation within the left atrium par-
ticularly as there is little stability of LRA sites within pa-
tients. Caution should be exercised when interpreting
maps obtained after adenosine administration to guide
nonpulmonary vein ablation.
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Data S1. Supplemental Methods

Propagation pattern characterisation

Propagation patterns described are identified using AcQTrack, an integrated platform
within the AcQMap system. The propagation history map is first generated based on virtual
dipole signals from each of approximately 3,500 vertices on the chamber surfaces and
derived from biopotential signals recorded on 48 non-contact electrodes. This map allows
visualisation of wavefronts over the atrial surface. AcQTrack evaluates the propagation of
these wavefronts to identify specific patterns of activation. Every vertex of the chamber is
continuously analysed during the display of the propagation history map thereby allowing
real-time identification of regions of interest, which can be displayed as both a dynamic map
(where each activation pattern is highlighted during payback of the propagation history) and
a cumulative map, where a sliding scale allows adjustment to the display according to the
frequency of each pattern detected at any localised site. Patterns of activation identified
include focal firing (FF), localised irregular activation (LIA) and localised rotational activation
(LRA), with the specific algorithm used for their detection described below. Wavefronts that

do not meet these definitions (for example smooth planar wavefronts) are discounted.
Focal firing (FF)

» The focal activation algorithm determines whether an activation at a vertex came
from a previous cardiac wavefront, or whether activation spontaneously started from
the current activation. Focal activation is detected at a vertex if an activation is earlier
than its neighbors’ activation by at least 2-5 ms (default 3ms), and conduction

spreads outward from the early activation.

e Activations are connected as a wavefront if the time difference between the two

activation times would produce a conduction velocity greater than 0.05 m/s.

Localised irregular activation (LIA)



» The localised irregular activation algorithm computes the difference in angle between
cardiac conduction entering and leaving a confined region, as illustrated in Figure
S1. If the angle difference of conduction entering and leaving a confined region

exceeds 90 degrees, localised irregular activation is detected in the region.

* An area of approximately 200-300 mm? is considered a confined region

* Wavefronts are considered to be passing through the region if the activation times
differences between the border of the confined region and the central vertex would

result in a conduction velocity between 0.3 m/s to 3.0 m/s.

» Activations are grouped into entering and leaving the region based on the activation
time with comparison to the central vertex. A mean conduction vector entering the
region and leaving the region are then computed. Angle difference between the
vector entering and leaving the region are computed and if the difference exceeds 90

degrees, LIA is detected.

Localised rotational activation (LRA)

» The localised rotational activation algorithm computes the degrees of conduction
propagation around a central point by summing the angle differences of sequential
conduction velocity vector directions around the central point, as illustrated in Figure
S2. If the rotational angle of conduction vector changes exceeds 270 degrees,
eqguating to total angle of propagation change of 360 degrees, rotation is detected at
the central point. An area of approximately 200-300 mm? around the central point is

considered.

» To ensure smooth propagation around the central point, an r? of a linear fit of

activation time to position around the central vertex must exceed 0.7.

« Conduction velocity vector directions changes cannot exceed 45 degrees per

position change around the vertex



» Activation time difference around the central obstacle must be greater than 50ms.
Propagation pattern quantification

Quantification of these propagation patterns is required to enable comparisons. Both
global measures of activation patterns across the chamber as well as methods to localise
specific regions with highly repetitive activation were needed. Occurrences of these
activation patterns in any given recording are often distributed widely across the chamber at
low frequency with clustering of patterns at higher frequency. However, the specific
frequency threshold that differentiates localised regions of most repetitive activation is highly
variable between patients and maps. Whilst in one recording of a fixed duration a specified
frequency threshold may be suitable, in another recording the frequency across the whole
chamber may be above this threshold (as a result of different properties of AF propagation
between patients/recordings) meaning that no activation occurrences are excluded and the
region with the most repetitive patterns therefore not differentiated. A method that considers
these observations was required allowing comparison of the statistical properties of each

map obtained with the requirement to:
1. Be able to quantify global chamber occurrences to quantify “substrate properties”

2. Able to exclude infrequent occurrences that may represent false positive

detections or isolated findings unlikely to be mechanistically significant

3. Identify localised regions with the most repetitively occurring patterns that may be

targeted by ablation

4. Provide output according to the number of occurrences of each pattern, the
proportion of time the patterns were present, and the proportion of the chamber

surface area affected

A custom designed programme was developed with the aim of meeting these

requirements. The process is outlined in Figure S3. Initially, all AcQTrack data is exported to



create a static map quantifying every pattern occurrence at each vertex of the chamber
anatomy for the entire recording duration (Figure S3A). Each single occurrence of an
activation pattern identified by AcQTrack is represented as a patch of the chamber surface
that occupies all vertices within the specific confined zone (of 200-300mm?) at which the
activation pattern is detected by AcQTrack (as outlined above) and for the specific period of
time that the pattern remains (Figure S3B). The number of these unique patches equates to
the number of occurrences of the specified propagation pattern (Figure S3C). When taken
over the duration of the recording, the proportion of time in which activation patterns are
detected on the chamber surface represents the time parameter (Figure S3C). Similarly, the
proportion of the chamber in which an occurrence is detected represents the surface area
affected (Figure S3D). Where occurrences overlapped in both space and time, potentially
representing a pivot point that drifts across a region rather than remaining at a single
anatomical vertex these were counted as a single occurrence (as seen in Figure S3C). In
addition, a 5ms inclusion tolerance is included where occurrences are detected separately
but within the same location less than 5ms apart. This is to ensure that an occurrence is not
double counted when a short period is seen during which the AcQTrack parameters are not
met but the time duration is too short to account for a separate wavefront activating that
region. When this is applied to the threshold regions (described below) to quantify pattern
occurrences within these zones, only patches where the centre falls within the specified

zone is counted rather than any patch that purely overlaps that region.

Cut off thresholds are then applied to exclude outlying data and identify the localised
regions with the most repetitive pattern occurrences. The number of occurrences in each
region and the proportion of time that they are present are known. These factors are
therefore used to determine the threshold. The initial static map displays all occurrences with
no cut off applied (in Figure 2 in the main paper; zero on the x axis i.e. every occurrence is
counted). The percentage of the recording time with the relevant pattern is shown on the Y

axis. As the cut off is increased along the X axis, i.e. only regions with increasing numbers of



occurrences are included, the proportion of time these are present decreases. A
standardised cut off for the minimum absolute number of occurrences in any region does not
allow for a relative correction for the varying total numbers between patients. For example
where very high numbers are detected in one map with a minimum of five occurrences in
any single region, then a cut off of 4 would not exclude any outlying data, compared to
another map where very few detections were seen and the same cut off disproportionately
excludes important data. Furthermore, an absolute cut off does not take into account the
recording duration analysed. Our approach applies a threshold relative to the total time
pattern occurrences are present, as illustrated in figure 2. Thresholds can then be applied
that result in an exclusion of occurrences resulting in a reduction in the percentage of time
that LIA is present. The highest threshold identifies the region with only the most repetitive

activation pattern occurrences.

For the example used in figure 2, a colour coded representation of the number of LIA
occurrences for each of the (approximately) 3500 vertices on the left atrial geometry is
provided. Cut-offs were then used to eliminate the low frequency vertices, which is also
those in which LIA activity was present for a relatively small proportion of the
total percentage time any LIA activity was present at any part of the whole chamber. The X
axis has all 3500 vertices grouped by the minimum number of individual LIA occurrences
seen at that vertex during that 5-second recording. The Y axis represents the percentage of
time that at least 1 of the 3500 vertices displayed LIA activity during the 5-second segment.
In this example the chart indicates that for 91% of the time, any vertex which showed 1 or
more LIA occurrences during the recording was exhibiting that activity (thus, for 9% of the 5
second recording there was no LIA activity at any site). To eliminate those vertices which
only very infrequently displayed occurrences, a 5% cut off is introduced. This is a relative 5%
of the overall percentage time that one or more occurrences were present during the
recording and thus the threshold moves down from 91% to 86.5% of the overall percentage

time. This has the impact of excluding those low frequency vertices which contributed very



little to the total time that one or more LIA were present, eliminating the red and most of the

orange and yellow colours.

When the threshold is increased to a 10% cut-off (and drops to a total percentage
time of 81.9%), this has the effect of excluding all of the vertices which had 5 or fewer LIA
occurrences, eliminating more yellow and green colour-coded areas. Finally, a 20% cut off
moves the threshold of percentage time LIA were present at any point on the whole chamber
from 91% down to 72.8% and in doing so in this patient’s recording excludes all of those
vertices which displayed 8 separate LIA occurrences or fewer and the colour coding on the

map is focused in on the green and dark blue areas.

What can be demonstrated in the bar chart is that the small area in purple,
surrounded by dark blue, that demonstrated the most individual LIA occurrences, occupied
less than 10% of the recording segment time, i.e. the 21 individual LIA occurrences
occurring in those vertices had a cumulative time of less than 0.5 of a second. This is
because LIA activity is a depolarisation phenomenon and will not be present during
repolarisation, which takes up the majority of the cycle length. The very nature of slow,
pivoting and stuttering propagation may also lead to one very disorganised wavefront being
counted as multiple LIA occurrences, hence the need to incorporate percentage time as a
modifier. If it was desirable to show all vertices which showed 5 or more LIA occurrences
during the 5-second segment, the threshold would need to be decreased to less than 5%
(i.e. no cut-off) and a much larger number of vertices would be shown across a wider colour

range and percentage time of the 5 second segment

Further impetus for this approach is that there may not be a fixed relationship
between the frequency of pattern occurrences and the duration that the patterns are present.
Fewer occurrences may persist for longer (e.g. multiple rotations of LRA) in one recording
whilst a higher frequency in another recording (e.g. short-lived pivoting LIA) may last for
shorter durations. This is illustrated in figure S4. In scenarios with a high frequency of pattern

occurrences and a high degree of clustering a threshold method of either a fixed percentage



of occurrences or the dynamic thresholding method explained above produce similar results
(S4A). However, in examples with a less clearly delineated cluster or a lower frequency of
occurrences, a fixed percentage method resulted in exclusion of areas with a high number of
occurrences that persist for a longer duration and therefore may be mechanistically

important (S4B, C).
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Figure S1 Examples of patterns characterised as LIA are shown in A. Top row shows static images of
a propagation history map taken at 3 time points with the row below including the dynamic view of LIA
detection (yellow dots) and the cumulative map (yellow patch overlay) highlighting a region over the
posterior wall where a frequency of LIA above a specified (user defined) threshold was detected.
Panel B illustrates the computational processing that results in LIA classification for example 1. Red
denotes the leading edge of the wavefront and purple the trailing edge. The time difference used for

this display can be adjusted manually (here it is set to 100ms).
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Figure S2 (A) shows a static propagation history map including the dynamic view of LRA detection
(green dots) and the cumulative map (green patch overlay) highlighting a region where a frequency of
LRA above a specified (user defined) threshold was detected. (B) illustrates the processing and
where activation times (C) and vectors (D) are plotted at points around a central vertex within the
algorithm. As in figure S1, red denotes the leading edge of the wavefront and purple the trailing edge

with the time difference set to 100ms.
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Figure S3 Method for AcQTrack pattern quantification. A static map is generated (A) demonstrating all pattern occurrences. Each occurrence is identified in
space as the confined zone on the endocardial surface at which the activation pattern is detected by AcQTrack (in B shown as a purple patch on the red
chamber surface and represented for illustrative purposes by a single cone) for the duration of time that the pattern remains (B) allowing calculation of the

total number of occurrences and the percentage time they are present (C), as well as the proportion of the chamber surface area affected (D).
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Figure S4 In a case with a high frequency of occurrences and high degree of clustering both a percentage frequency and a dynamic threshold approach

produce similar results (A). However, where there is less clear clustering (B) a fixed percentage approach excludes regions where patterns occur for a
significant duration i.e. exclusion is too high therefore potentially excluding areas of importance. This may also be the case in an example with a low

frequency of patterns that last for a relatively longer period of time (C).



Supplemental Tables

Cut Pre-PVI Post-PVI Post non-PVI ablation
Variable off Baseline Adenosine Difference value Baseline Adenosine Difference value Baseline Adenosine Difference value
(%) (SD) (D) (95% Cl) P (SD) (D) (95% Cl) P (SD) (D) (95% Cl) P
LRA 4.8 (-2.9- 9.7 (2.0- 9.8 (5.5-
+ + + + + +
number 0 18+8.5 22.5+8.5 12.0) 0.2044 15.9+8.0 25.6+12.4 17.5) 0.0173 14.245.8 24.016.3 14.1) 0.0007
5 12.916.7 17.1+£7.3 4.2 (-1.5-9.9) 0.1360 11.5£7.0 20.1+10.1 Siélsl; - 0.0230 9.1+5.2 17.845.2 7?;49‘)1 - 0.0016
5.0 (-0.6 — 8.2(1.5- 8.5(3.9-
+ + + + + +
10 11.9+6.9 16.9+7.2 10.6) 0.0749 10.716.6 18.9+9.8 14.8) 0.0203 9.1+5.2 17.6%5.2 13.0) 0.0027
20 8.2+6.3 13.4+4.4 5.5(0.5-9.9) 0.0345 9.0+5.4 14.5+8.4 5'512-%)6 - 0.0720 7.8£3.8 14.145.3 6?518? - 0.0116
30 7.3£5.0 10.9£3.9 3.6(-0.1-7.4) 0.0551 6.5+4.0 11.5%6.1 5.0(1.3-8.6) 0.0118 6.9+3.4 12.3+4.3 5.4(1.3-9.6) 0.0156
40 6.5+4.4 9.3+3.3 2.8 (-0.6 - 6.0) 0.0935 4.8+2.9 10.7£5.5 5.9(2.2-9.5) 0.0040 5.3x2.1 10.2+3.5 4.9(2.9-6.9) 0.0005
LRA time 0 34.2+14.2 40.9+14.3 6.7(-5.6- 0.2537 27.849.7 46.3119.4 185 (6.5~ 0.0050 27.5+11.9 41.3+8.7 13.8(4.7- 0.0079
18.9) 30.3) 22.8)
5.6 (-5.3— 17.9 (6.2 - 13.8 (5.4 -
+ + + + + +
5 28.8+13.0 34.4+13.3 16.6) 0.2810 23.4+10.1 41.3+17.9 29.4) 0.0053 20.9+11.6 34.7+8.3 22.3) 0.0054
6.6 (-4.1— 16.8 (6.0 — 13.4 (4.4
+ + + + + +
10 27.4+13.5 34.0+13.0 17.3) 0.2011 22.519.4 39.3+17.6 27.6) 0.0048 20.9+11.6 34.348.2 223) 0.0090
9.0(-2.0- 12.5(1.4- 9.3(1.2-
+ + + + + +
20 19.8+12.5 28.8+10.5 20.0) 0.0991 19.9+9.6 32.4+16.3 23.6) 0.0301 18.9+9.8 28.216.7 17.5) 0.0297
6.0(-3.1- (10.7 (3.4 - 8.2(0.6—
+ + + + + +
30 18.6110.9 24.618.7 14.9) 0.1722 15.7£7.8 26.4+13.4 17.9) 0.0069 17.04£9.0 25.246.5 15.7) 0.0381
4.3(-3.6 - 12.8 (5.0 8.6 (4.5 -
+ + + + + +
40 17.5+£10.1 21.817.7 12.3) 0.2491 11.9+6.0 24.7+11.9 20.6) 0.0033 13.1+5.4 21.7+7.1 12.8) 0.0014
LRA SA 0 25.618.7 28.0+10.2 2.4(-49-9.7) 0.4776 21.1+8.0 30.9+12.2 9?;18? - 0.0213 20.2+8.1 29.546.7 9i§50§5 - <0.0005
5 16.046.9 15.847.6 ‘0'25('35)'6 - 0.9414 12.146.3 16.8+7.4 4'71(1’12')8 - 0.1407 9.544.8 14.9+4.3 5.4(3.3-7.4) <0.0005
10 13.516.2 15.5£7.7 2.0(-3.2-7.8) 0.4105 10.3+4.9 14.4+6.6 4.1(-0.9-9.2) 0.0990 9.5+4.8 14.3+4.1 4.8(2.0-7.5) 0.0041
20 7.7+4.1 10.9+4.1 3.2(0.3-6.2) 0.0342 7.91£3.3 9.614.8 1.6 (-2.2-5.6) 0.3788 7.5%£2.7 10.1+3.3 2.6 (0.6 —4.5) 0.0162
30 6.8%£2.5 8.6+4.7 1.8(-0.9-4.7) 0.1633 5.1+2.3 6.91£3.5 1.8(-0.2-3.8) 0.0733 6.412.8 7.812.3 1.4 (-0.6 -3.6) 0.1312
40 5.8+1.9 6.8+3.1 1.0 (-0.6 - 2.6) 0.1843 3.7£2.0 6.1+3.1 2.4(0.1-2.6) 0.0417 5.0£2.3 6.1+2.3 1.1(-0.3-2.6) 0.1097

Table S1. Impact of adenosine of LRA frequency, duration and surface area, pre-pulmonary vein isolation, post-pulmonary vein isolation and following non-pulmonary vein

ablation. LRA: Localised rotational activation; PVI: pulmonary vein isolation; SA: surface area.



. Cut off Standard 95 % Confidence
Variable Group n Mean L. p-value )
(%) deviation interval
LRA number 0 DCCV 16 16.9 7.9
Sinus with ablation 6 10.3 5.0 0.0760 0.8-13.8
LRA percent time 0 DCCV 16 31.8 13.1
.097 -2.1-23.1
Sinus with ablation 6 21.3 10.9 0.0970 3
LRA percent SA 0 DCCV 16 23.7 8.4
Sinus with ablation 6 15.1 6.8 0.0380 0.5-16.6
LRA number 5 DCCV 16 12.3 6.0 0.0590 0.2-11.2
Sinus with ablation 6 6.8 4.8 ’ em
LRA percent time 5 DCCV 16 26.8 12.2
.07 -1.2-22.1
Sinus with ablation 6 16.3 10.0 0.0760
LRA percent SA 5 DCCV 16 14.6 7.0
Sinus with ablation 6 8.0 5.0 0.0490 0.0-13.1
LRA number 10 DCCV 16 11.1 5.8
Sinus with ablation 6 6.8 4.8 0.1280 13-98
LRA percent time 10 DCCV 16 25.2 12.2
0.1270 -2.8-20.6
Sinus with ablation 6 16.3 10.0
LRA percent SA 10 DCCV 16 11.7 5.5
Sinus with ablation 6 8.0 5.0 0.1690 17-91
LRA number 20 DCCV 16 9.0 5.2
Sinus with ablation 6 3.7 2.3 0.0270 0.7-10.0
LRA percent time 20 DCCV 16 20.8 10.8
Sinus with ablation 6 10.3 6.5 0.0380 0.6-20.5
LRA percent SA 20 DCCV 16 8.3 3.3
Sinus with ablation 6 3.9 2.3 0.0080 1.3-75
LRA number 30 DCCV 16 7.1 4.4
Sinus with ablation 6 3.5 2.6 0.0780 0.4-76
LRA percent time 30 DCCV 16 17.4 9.7
. 5 - 0.0940 -1.4-16.8
Sinus with ablation 6 9.8 7.3
LRA percent SA 30 DCCV 16 6.1 2.5
Sinus with ablation 6 3.5 2.7 0.0450 0.1-51
LRA number 40 DCCV 16 6.1 4.1
Sinus with ablation 6 3.3 2.5 0-1410 1.0-66
LRA percent time 40 DCCV 16 15.4 9.8
Sinus with ablation 6 9.2 6.8 0.1740 3.0-15.2
LRA percent SA 40 DCCV 16 5.0 2.2
Sinus with ablation 6 3.2 2.7 0.1220 0.5-4.2

Table S2. Difference in localised rotation activation frequency, duration and surface area at baseline according

to acute procedural outcome.



Variable Cut off Group n Mean Star‘ids‘xrd p-value 95 % Confidence
(%) deviation interval
LRA number ° SDiEE\s/with ablation 166 ;i; 196.11 0.738 78-109
RA percent time ° SDiEE\s/with ablation 166 28; 132 0.971 1537139
LRA percent SA ° SDIEE\s/with ablation 166 ;;g 18:)1 0.986 10.5-103
LRA number 5 _DCCV 16 17.5 8.0 0.731 6.6-9.3
Sinus with ablation 6 16.2 7.9

RA percent time ’ SDiEE\s/with ablation 166 323 122 0.988 1437145
RA percent SA ’ SDif’:l(l:.l\S/With ablation 166 12; 2(9) 0.943 69-74
LRA number ° SDIEE\s/with ablation 166 1?? ;2 0715 4ot
HRA percenttime ° SDiflE\S/With ablation 166 ::(9) 12; 0.998 1427145
RA percent SA ° SDIEE\s/with ablation 166 122 15(;.63 0.897 7e-67
RA number 20 SDiflE\S/With ablation 166 3‘51 g: 0.772 =371
RA percenttime » SDIEE\s/with ablation 166 55732 ﬁi 0.795 44-112
HRA percent SA » SDiEE\s/with ablation 166 19%1 :lsl 0.941 46-49
LRA number ® SDiEE\s/with ablation 166 191..22 2491 0-388 28-08
LRA i bcev : :

percent fime ® Si(r:fjs with ablation 166 ;z; 1(1)(5) 0.88 111-96
RA percent SA * SDiEE\s/with ablation 166 28 ji 0-324 22762
LRA number 40 SDiEE\s/with ablation 166 17(?-73 22 0.238 19-72
RA percent time 0 SDiEE\s/with ablation 166 ;ég 191.2 0.767 86-115
{RA percent SA 40 SDIEE\s/with ablation 166 A71C7) :(1) 0.126 07734

Table S3. Difference in localised rotational activation frequency, duration and surface area following adenosine
according to acute procedural outcome.



	Impact of Adenosine on Wavefront Propagation in Persistent Atrial Fibrillation: Insights From Global Noncontact Charge Density Mapping of the Left Atrium
	Methods
	Patients
	Activation Pattern Characterization
	Localized Rotational Activation
	Localized Irregular Activation
	Focal Activation

	Electrophysiological Mapping Procedure
	Propagation Map Construction, Export, and Analysis
	Propagation Pattern Quantification
	Signal Processing and Dominant Frequency Analysis
	Clinical Outcomes
	Statistical Analysis

	Results
	Patients
	Wavefront Propagation Patterns
	AF Cycle Length
	Phase Singularities
	Spatial distribution of LRA
	Clinical Outcomes

	Discussion
	Limitations

	Conclusions
	Sources of Funding
	Disclosures
	References


