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Abstract

Introduction: The role of substrates in the maintenance of persistent atrial fibrillation
(persAF) remains poorly understood. The use of dominant frequency (DF) mapping to guide
catheter ablation has been proposed as a potential strategy, but the characteristics of high
DF sites have not been extensively studied. This study aimed to assess the DF
spatiotemporal stability using high density non-contact mapping (NCM) in persAF.

Methods and Results: 8 persAF patients were studied using NCM during AF. Ventricular far-
field cancellation was performed followed by the calculation of DF using Fast Fourier
Transform. Analysis of DF stability and spatiotemporal behaviour were investigated
including characteristics of the highest DF areas (HDFAs). A total of 16384 virtual
electrograms (VEGMs) and 232 sequential high density 3-dimensional DF maps were
analysed. The percentage of DF stable points decreased rapidly over time. Repetition or
reappearance of DF values were noted in some instances, occurring within 10 s in most
cases. Tracking the HDFAs centre of gravity revealed 3 types of propagation behaviour,
namely i) local, ii) cyclical and iii) chaotic activity, with the former 2 patterns accounting for
most of the observed events.

Conclusions: DF of individual VEGMs was temporally unstable, although reappearance of DF
values occurred at times. Hence targeting sites of 'peak DF' from a single time frame is
unlikely to be a reliable ablation strategy. There appears to be a predominance of local and
cyclical activity of HDFAs hinting a potentially non-random temporally periodic behaviour
which provides further mechanistic insights into the maintenance of persAF.

Key Words: atrial fibrillation, dominant frequency, spectrum analysis, non-contact
mapping, dynamics, conduction.



Introduction

Ablation outcomes in persistent atrial fibrillation (persAF) and long-standing persAF
remain inferior to that of paroxysmal AF" ?, due to a lack of mechanistic insight as to how
relevant substrate interacts with triggers and modulating factors to maintain AF. Spectral
analysis has been used for the analysis of AF electrograms (EGMs) to identify areas within
the atria that contain high dominant frequency (DF) signals which may be responsible for
driving the rhythm.? It has been suggested that ablation at these sites could be an effective
way to terminate AF.* In addition, ablation strategies which include pulmonary vein (PV)
isolation and additional linear lesions have also been shown to reduce local and/or global DF
with an associated beneficial post-ablation outcome, highlighting DF as an important
parameter.s'7 However, DF mapping during AF has been performed largely using point-by-
point sequential mapping. Recent reports using non-contact mapping (NCM) in the left
atrium (LA) have suggested that DF may not be spatiotemporally stable.® In addition,
simultaneous bi-atrial contact mapping (CM)>*° has also revealed certain characteristic
rotor-like behaviours apparently important for ablation. The aim of this study was to
characterise the spatiotemporal behaviour of DF during AF using NCM in patients with

persAF to help further the understanding of the significance and utility of DF mapping.

Methods

Study population

Patients undergoing catheter ablation of persAF for the first time and with no previous
history of heart diseases were recruited (see Table 1 for patients' characteristics). In keeping
with the definition of persAF', all patients were in AF at the start of the procedure.

Approval was obtained from the Local Ethics Committee for patients undergoing AF ablation



including blood sampling and collection of electrical data and all procedures were carried
out after informed consent. All antiarrhythmic drugs, apart from amiodarone, were stopped

for at least five half-lives before the procedure.

Electrophysiological Study

Once bilateral femoral venous access had been achieved, a deflectable decapolar catheter
and a quadripolar catheter were positioned in the coronary sinus and His position,
respectively, under fluoroscopic guidance. A single transseptal puncture technique was
utilised in all cases to gain access to the LA with the use of a steerable transseptal sheath
(Channel, Bard Electrophysiology, USA). A non-contact multi-electrode array (MEA) catheter
(EnSite 3000, St Jude Medical, USA) and a conventional deflectable mapping catheter were
deployed via transseptal access, into the LA. Patients were anticoagulated with heparin and
activated clotting time was maintained at >300 s. A detailed LA geometry was acquired with
the mapping catheter and anatomical landmarks were identified and annotated. The array
was not moved after geometry creation to avoid distortion of the isopotential maps*? and
the distance between the centre of the MEA balloon and the LA endocardial wall did not
exceed 4 cm. Reconstructed virtual AF electrograms (VEGM) projected to the LA surface
were collected during steady state in AF over a 5 minute interval. Following this, the MEA

was removed and AF ablation proceeded as per standard practice.

Non-contact Mapping

NCM relies on the concept of acquiring simultaneous endocardial electrical activity of the
entire cavity without contact between the endocardium wall and electrodes from the

MEA.** 3 The technique of using NCM with the MEA has previously been described and



validated in published literature, in the context of sinus rhythm as well as arrhythmia in
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humans. Estimation of DF via spectral analysis from NCM has been shown to be very

well correlated (agreement in approximately 95% of cases) with DF estimation via spectral

analysis from contact mapping for both PAF and persAF.*® *°

Signal Processing

VEGMs were sampled at 1200 Hz and high-pass filtered at 1 Hz. No further filtering was
applied to the signals to preserve signal integrity and low frequency components.’® The
VEGMs were exported in consecutive time segments for off-line analysis of high density left
atrial maps, consisting of 2048 points (a matrix of 32x64 spatial points) of simultaneous data
per patient.

VEGMs are affected by the presence of ventricular far-field activity19 even for areas distant
from the mitral valve, 20 \which can lead to distortion of results. Hence QRS-T subtraction
was performed using a recently validated algorithm20 to remove far-field ventricular
influence. Briefly, the QRS onset and T wave end were segmented on the ECG (highlighted in
purple in Figure 1) and their respective positions were projected onto the VEGMs. A
template of the ventricular influence for each individual VEGM was then calculated. The
template used for cancellation and the resulting signal free from ventricular influence are

also shown in Figure 1.

After carrying out ventricular cancellation of the VEGMs, spectral analysis was performed on
each of the 2048 points, using Fast Fourier Transform (FFT) with a Hamming window to
produce high density 3D DF maps.21 Segments of 4 s were used with sequential windows
producing a 50% overlap (by shifting forward by 2 s) during FFT analysis. Zero padding was

applied to improve the identification of spectral peaks. Although zero-padding does not



increase the spectral resolution (i.e. the ability to resolve close spectral peaks) it does
interpolate the spectral estimates®?, improving the ability to pinpoint the peak power of the
DF - to 0.05 Hz in this case. DF was defined as the frequency with highest power within 4 Hz

to 12 Hz.

Temporal DF Analysis

Temporal DF Stability Analysis

For the purpose of assessing temporal stability of DF, we compared the DF of all VEGMs
between consecutive time windows (at 2 s intervals), to assess if the DF remained within a
defined threshold of +0.25 Hz or +0.50 Hz compared to the DF obtained from the first FFT
window of the segment (Figure 2). Points whose DF values remained within these thresholds
at each time segment were deemed temporally ‘stable’ (assessed over a period of up to 1
minute) and the resultant DFs were derived by averaging those DF values. If the DF
wandered beyond the pre-defined threshold over time, the frequency value was deemed
‘unstable’ after that particular instant and no longer considered. The total proportion of
‘stable’ points, as defined by the above criteria, was plotted over time for assessment of

temporal stability (Figure 3).

DF Reappearance Analysis

After identifying that DF was not consistently stable over time both for individual recordings
(Figure 2B-D) and also by the total proportion of simultaneous recordings of each individual
patient (Figure 3 and table 2), further analysis on DF behaviour was performed to investigate
if DF values show any temporal repetition or spatial ‘reappearance’, so as to quantify the

presence of any potential DF partial ‘periodicity’. This was done by using the first DF value



from each point of interest as a reference, which was then compared with the DF values
from the same location while moving forward in time at 2 s intervals (see Figure 4A for
illustration). The proportion of DF points falling within the thresholds of +0.25 or +0.50 Hz
compared to their corresponding reference DF value was plotted over time and defined as
DF reappearance points. The time (in seconds) corresponding to any partial ‘periodicity’ or
‘reappearance’ of the overall DF behaviour was assessed by spectral estimation of the signal
created by counting the number of points that fall within the specified thresholds (+0.25 or
+0.50 Hz of reference DF value) at the same position along time. This is termed the DF
reappearance interval. In addition, the impact of applying different FFT window lengths

(from 4s to 10s) to identify the DF reappearance was also investigated.

Spatiotemporal Analysis

Highest DF areas Trajectory

To track the behaviour of highest DF areas (HDFAs), the region in the 3D NCM with the
highest DF value was identified for each time segment, together with its neighbouring sites,
which contained DF values within 0.25 Hz of the highest DF (Figure 5A). This would produce
an area consisting of a collection of points that reflect average regional activity, to minimise
the effect of isolated high DF sites. The boundary of this area was highlighted to produce an
area representative of a maximum DF ‘cloud’ at that particular instant. The centre of gravity
(CG) for the cloud was then identified by averaging the coordinate positions of each point in
the cloud, weighted by their respective DF values. 2 These CG points were obtained for
each 4 s FFT window and tracked at 2 s intervals over a period of 1 minute to produce a

total of 29 sequential CGs, so as to produce a HDFA trajectory map (see Figure 5).



Statistical analysis

All continuous variables are expressed as mean + standard deviation. Normally distributed
data were analysed using paired and unpaired Student’s t-test. Categorical data were

analysed using Chi squared or Fisher’s exact test.

Results

Eight patients with symptomatic drug-refractory persAF were included in this study. A total
of 16384 VEGMs and 232 sequential DF maps were analysed. Patients’ characteristics are

summarised in Table 1.

Temporal Stability analysis

Sequential analysis of individual VEGMs and global DF maps revealed a general lack of
temporal DF stability throughout, although periods of apparent stability were also observed
(illustrative examples of sequential DF over time from single VEGMs are shown in Figure 2A-
B). Approximately 60% of the VEGMs of all patients lost stability in the first 2 s when
analysed using the 0.25 Hz threshold and 40% lost stability in the first 2 s using the 0.5 Hz
threshold. Analysis of longer segments of continuous recording (Figures 2C-D)
demonstrated DF values fluctuating beyond defined thresholds of stability, even when it

may have appeared stable initially.

For each patient the overall percentage of stable DF points measured against both
thresholds relative to initial DF at those points showed an exponential pattern of loss of
stability within the first few seconds (Figures 3). The time constants of the best-fit
exponential curves for both thresholds are presented in Table 2, which provides an

assessment of how rapidly the DF loses temporal stability. The means of the time constants
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for the exponential decay when applying the +0.25 Hz and +0.5 Hz thresholds were 3.1+1.4 s

and 7.7+3.1 s respectively.

Reappearance of the DF

Although DF in persAF patients was not stable over time for both individual (Figure 2 B-D)
and simultaneous high density recordings (Figure 3), individual analysis of VEGMs revealed
episodes suggestive of repetition or reappearance of DF over time, where DF loses temporal
stability, only to return to a value very close to that of the initial DF (Figure 2B-D). This can
be readily appreciated by observing sequential high density non-contact DF maps (Figure 4).
The first 3D DF frame (time = 4 s) shows the discrete highest DF area with DF around 7.8 Hz
(coloured orange) localized at the LA roof. The frequency of the neighbour DF areas were
6.7 Hz close to the right superior PV (RSPV, top, light green), 7.1 Hz at the posterior wall
(PW, right, yellow) and 6.1 Hz at the anterior wall (AW, bottom, cyan). A few seconds later,
at time 10 s, the area over which the highest DF was seen was dramatically reduced in size
when compared with the previous frame and its frequency value was also reduced (to about
7.3 Hz, lighter orange — yellow colour). The location of the highest DF had shifted over time
from the LA roof to closer to the RSPV and the value reduced. In the third frame, the highest
DF area reappears at the LA roof in DF value and ‘cloud’ area with the DF value around 7.65
Hz. Its DF neighbours areas have their DF values at 7.1 Hz (right-top), 6.1 Hz (cyan, left) and
around 4 Hz in the remaining LA areas. The behaviour of the HDFA site has changed over
time. The small area that contains DF values which were ‘similar’ over the 14 s period of the
3 frames would agree with the aforementioned decay behaviour of DF over time whereby a
small proportion of the sites would have ‘stable’ DF within this time period using the 2

thresholds (see example in Figure 3), but no longer remained stable beyond around 30 s.



DF reappearance analysis as described earlier was performed to quantify the observed
behaviour by obtaining the DF reappearance interval (see Table 2). The DF reappearance
interval was similar when comparing short (20 s) and longer (5 minutes) recordings in one
patient; 6.9 vs. 6.5 s (0.25 Hz threshold) and 9.4 vs. 10.7 s (0.5 Hz threshold) respectively
(Table 2 Patient 5). However, when we changed the FFT window length from 4 s to 7 s and
then 10 s, we could see an apparent change of this periodic behaviour. When the window

length is increased, a temporal averaging process happens giving a false idea of ‘stability’.

Highest DF area and its trajectory

Having seen the dynamic behaviour of DF and its lack of temporal stability, we proceeded
with the tracking of HDFAs at each time point by plotting the trajectory of its CG, so as to

determine its spatial characteristics. This revealed 3 patterns of behaviour (Figure 5):

i. Type | (Local activity) — CG propagation trajectory area (total area encompassed by

the trajectory) < 5% of the LA area over consecutive time frames;

ii. Type Il (Cyclical) — CG propagation trajectory area > 5% of LA area but showing a

trajectory that returns to the vicinity of at least one of its earlier CG sites over time;

iii.  Type Il (Chaotic) — CG propagation trajectory area > 5% of LA area with a random

pattern of movement and no overlap of CGs over consecutive time frames.

A total of 7 local activity events (mean time per event: 2.86+1.07 s), 15 cyclical events
(5.07+1.49 s), and 2 chaotic events (4.50£1.91 s) were identified over a 20 s segment
analysis in all patients. When we extended the analysis to 1 minute, the number of events
increased respectively to 24, 54 and 6. The mean times spent in each separate event were

similar between 20 s and 1 minute analyses (2.86+1.07 s vs. 2.8341.55 s, p= 0.9701 for local
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activity; 5.07+1.49 s vs. 5.1442.16 s, p= 0.2620 for cyclic activity; and 4.5+1.91 s vs.
4.6010.97 s, p= 0.29 for chaotic activity). The proportion of time spent in each pattern of
behaviour is presented in Table 3. Cyclical activity was the most prevalent behaviour
observed, followed by local and then chaotic activity. All except one patient (patient 8) had
cyclical activity as the predominant behaviour over 20 s and 1 minute. The DF trajectory
showed a concentration of HDFAs in the roof and around the pulmonary veins. The mean

HDFA value was 7.29+0.71 Hz.

Discussion

Using NCM analysis of individual VEGMs, we have demonstrated that DF is not temporally
stable during persAF, although reappearance of DF values can occur at times. By using a
novel method of tracking the movement of HDFAs, we have also shown the presence of

distinct localized, cyclical and chaotic behaviour spatially.

Significance of DF mapping

Previous research had suggested that targeting sites of highest DF may be important for
catheter ablation.” ® It had also been demonstrated that ablation reduces the DF of AF

2% 25 3nd that a decrease in DF may be associated with a more favourable

electrograms
outcome.” However, DF-guided ablation has not been widely adopted and published data

using this approach is limited, partly because its clinical significance is not fully understood.

Spatiotemporal stability

Spatiotemporal stability of DF sites has previously been studied by other authors. Schuessler

l26

et al.”” carried out epicardial contact mapping (CM) of the atria of patients undergoing open
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heart surgery while in AF and found that the location of the HDFAs were variable and did
not remain fixed in a significant proportion of the patients. Sanders et al.* reported that DF
values from contact electrograms were stable over time, although this observation was
limited by the sequential, point-by-point mapping technique used. A study comparing
simultaneous multipolar CM with sequential mapping27, found that potential AF driver sites
were more readily identified via FFT analysis in the former technique. Two recent studies
(one using NCM?® and another using multipolar catheter for CM?) also concluded that DF
lacked temporal stability. There is therefore emerging evidence, including results from our
study, that strongly support the notion that DF behaviour is dynamic and should be analysed

ideally with simultaneous multipolar CM or NCM techniques.

As observed in our study, DF of individual VEGMs was largely temporally unstable, although
there appeared to be transient episodes of stable DF, as well as a degree of reappearance of
DF activity over time, mostly within 10s. It is therefore possible that apparent DF stability
could be explained by: 1) the use of a single segment for the DF analysis (producing a
“snapshot” and not the full sequence of DF behaviour); 2) choice of the length for the
segments for DF analysis that is too short and using too few segments, resulting in the
opportunistic capture of transiently stable DF signals; 3) reappearance behaviour causing
the illusion of stability when DF values are averaged or collected sequentially; 4) choice of
long FFT window segments, which would improve spectral resolution at the cost of reducing
temporal resolution, effectively ‘blurring the video’.

3D Trajectory mapping

Localized and cyclical DF cloud activity accounted for most of the observed behaviour in the

patients we studied. In fact the data show considerable repetitive and cyclical behaviour in
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analyses of DF trajectory, accounting for almost 64% of the time (table 3) while spatial
localization within 5% of the left atrial area occurred in about 27% of all the cases in this
study. While localized activity seen in our study could theoretically be attributed to a stable
rotor or micro-reentrant behaviour, the finding of cyclical DF activity is not as intuitive.
Using optical mapping of AF in sheep hearts, Skanes et al.?® demonstrated the presence of
periodic activity in the atrium, with local DF showing good correlation with DF of the atrium
globally. The periodic activation was noted to be transient in most cases, although the
patterns of periodicity tended to reappear over time. This was an interesting observation
which is similar to what was seen in our study, where there was a predominance of a cyclical
behaviour identified when the HDFAs were tracked. The reasons for this are not
immediately clear. Potential explanations include interference by other competing
activation sources, failure of local atrial tissue to sustain the same frequency of activation
for long periods, or even potential migratory behaviour of rotors, if indeed present. A
subsequent study using the same sheep AF model®® however, showed the presence of
spatiotemporally stable rotor behaviour persisting for up to 30 minutes. This would appear
to support an earlier animal study by Schuessler et al.*!, where multiple re-entrant circuits
were found to stabilise to a single, stable re-entrant circuit when AF became sustained over
time. It has to be noted, however, that episodes of AF in this and the earlier study were
experimentally induced and may not necessarily reflect the clinical reality of persAF in

human hearts.

Characterising dynamic electrical activation in the search for ‘rotors’ in human AF has
continued to be an area of keen research interest. Using epicardial mapping of patients

undergoing open heart surgery, Sahadevan et al.** found evidence for potential driver sites,
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producing fibrillatory conduction in the atria of most of the subjects studied. Three recent
studies into the mapping of human AF however, have not been able to demonstrate

83334 Using a novel computational mapping technique, Narayan et

convincing rotor activity.
al.? found evidence for focal impulses and rotor activation patterns during AF in human
subjects. An initial series of patients undergoing AF ablation guided by these maps, in

addition to conventional ablation, have shown favourable outcomes compared to

conventional ablation alone.°

Significance of findings and clinical implications

Our results provide further insight into the potential mechanisms of persAF. Current
mechanistic concepts include single re-entry with fibrillatory conduction (i.e. rotor driven)
and the multiple wavelet hypotheses. Our findings show agreement with both proposed
mechanisms. We observed a predominance of local and cyclical maximal DF activity, which
may imply a higher proportion of rotor driven episodes, although the lack of spatiotemporal
DF stability makes it unlikely that AF is being primarily sustained by anatomically stable high
DF sites. The presence of a cyclical pattern does suggest a certain extent of spatial
consistency and it may be important to characterise this in each individual patient to help
guide ablation strategy. Chaotic maximal DF propagation seen in our study would be
analogous to multiple wavelet activity. It is interesting to note that in our study, all 3

patterns of behaviour can be observed in the same individual patient over time.

It is likely that more than one mechanism may be involved in AF perpetuation at different
stages of the arrhythmia history in any given individual. Depending on the extent of
electromechanical remodelling and autonomic influence, a particular mechanism may

predominate, resulting in different subtypes of persAF. This could explain why an
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anatomical-based ablation strategy tends to produce only modest results for persAF. A
tailored ablation approach should therefore be considered for each individual case,

provided that effective real-time, high resolution DF mapping can be performed.

Limitations

This was a study involving a small number of patients, as our main objective was to describe
the DF behaviour using high-density NCM of persAF. Electrogram analysis was restricted
only to the LA, hence any potential contributions from the right atrium were not studied.
We acknowledge that some of the patients in the study were taking amiodarone which
could potentially affect the DF of VEGMs. Nevertheless, our observations from the study
would still be applicable to real-world practice, where patients are not infrequently put on
this drug leading up to ablation. In addition, we have focused the current study on
understanding the spatio-temporal behaviour of DF during persAF. Previously, as in the
current study, analysis of DF behaviour required a rather laborious process of exporting the
continuous 2048 VEGMs from the geometry which could only be done offline. With the
purchase of more powerful computer, including the employment of parallel processing?’,
we are now in a position to perform the analysis in real-time, which makes it possible to

provide clinically useable data to guide strategy during the ablation procedure.

Conclusions

Using high density NCM of the LA, we have demonstrated that DF of AF electrograms lack
spatiotemporal stability, hence targeting sites of peak DF from a single time frame is unlikely
to be a reliable ablation strategy. Tracking of the CGs of the HDFAs revealed the presence of

localized, cyclical and chaotic patterns of propagation, with more than 90% of all cases
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presenting either a localized (27%) or cyclical (64%) behaviour. While in most of the places
DF changed over time, this combination of localized and cyclical activity hints at a
potentially non-random temporally periodic behaviour, thereby providing further insight
into potential mechanisms underlying persAF. This would be of particular significance if an
ablation approach to target DF locations is taken. Studies should be performed to assess the

efficacy of using dynamic 3D DF maps to aid ablation strategy for patients with persAF.
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Tables
Table 1. Patients' characteristics.

n=8

Male, n 8
Age, y 47 £ 10
AF duration, mo 34+ 25
Hypertension, n 2
LV function, n

EF 255% 5

EF 45-54% 2

EF 36-44% -

EF<35% 1
LA Size, mm 48+ 6
On amiodarone, n

AF indicates atrial fibrillation; LV, left ventricular;
EF, ejection fraction; LA, left atrial.

Table 2. Overall DF temporal stability (time constant) and DF reappearance analyses
of the 2048 simultaneous VEGMs calculated for both DF thresholds (0.25 Hz and
0.5Hz).

Time Constant (s) DF Reappearance Interval (s)
0.25 Hz 0.5 Hz 0.25 Hz 0.5 Hz
Patient 1 1.2 2.5 9.8 8.5
Patient 2 2.3 4.2 5.8 5.0
Patient 3 2.6 8.7 7.8 7.7
Patient 4 1.6 11.1 11.7 7.8
Patient 5 4.2 9.8 6.9 9.4
Patient 6 4.3 10.1 10.8 7.4
Patient 7 4.4 6.2 5.5 6.9
Patient 8 3.8 9.4 5.8 8.5
Mean (SD) 3.1(1.4) 7.7 (3.1) 8.0 (2.4) 9.8 (6.5)

SD indicates standard deviation



Table 3. Percentage of the time spent on each trajectory pattern for both short term
(20 s) and long term (1 min) analysis during HDFAs trajectory propagation.

Analysis during 20 s Analysis during 1 min
Localized Cyclical Chaotic Total Localized Cyclical Chaotic Total
(% of time) (% oftime) (% of time) (% of time) (% of time) (% of time) (% of time) (% of time)
Patient 1 0.0 100.0 0.0 100.0 16.6 83.4 0.0 100.0
Patient 2 33.0 67.0 0.0 100.0 30.0 70.0 0.0 100.0
Patient 3 33.0 67.0 0.0 100.0 30.8 61.2 8.0 100.0
Patient 4 0.0 50.0 50.0 100.0 12.5 62.5 25.0 100.0
Patient 5 33.0 67.0 0.0 100.0 27.3 54.7 18.0 100.0
Patient 6 33.0 67.0 0.0 100.0 30.0 60.0 10.0 100.0
Patient 7 33.0 67.0 0.0 100.0 28.5 57.5 14.0 100.0
Patient 8 50.0 25.0 25.0 100.0 40.0 40.0 20.0 100.0
Mean (SD) | 26.9(17.6) 63.8(20.9) 9.4(18.6) 27.0(8.6) 61.2(12.4) 11.9(9.1)

SD indicates standard deviation.
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Figure Captions:

Figure 1. Method of ventricular far-field cancellation from VEGMs. The surface ECG is used
for QRS-T detection and then a template, based on the VEGM, with onset of QRS (marked
with squares) to the end of T wave (marked with circles) is subtracted from the raw VEGMs
as described in the methodology section. The frequency spectrum of the raw VEGM signal
compared with that after QRS-T subtraction is shown.

Figure 2. Plots of DF over time from single site VEGMs. Examples of apparently stable (A)
and unstable (B) DF behaviour in a patient are exhibited. Two longer recordings showing
transient stability of DF with subsequent fluctuations over time (C and D).

Figure 3. Sequence of 3D DF maps during AF for one patient and accompanying plot of
percentage of stable DF points over time. It can be observed that the number of stable DF
points out of 2048 VEGMs decreases with time in an exponential pattern with time constant
of 4.24 s and 9.79 s respectively for 0.25 Hz and 0.5 Hz thresholds. The 3D DF maps highlight
the sites that remained temporally stable for 2 s, 6 s and 32 s within a threshold 0.25 Hz,
with the sites that lost stability greyed out. (Tags for RSPV: green, RLPV: blue, LSPV: brown
and LLPV: cyan).

Figure 4. lllustration of the method used for DF reappearance analysis; every DF map within
the duration of the recording is compared with a reference DF map within the thresholds of
+0.25 and 0.5 Hz for each of the 2048 points. This is carried out for every single point and
repeated across the entire LA (A); an example of a DF map showing reappearance of DF
projected onto its 3D LA geometry (B) and also displayed as a 2D map (C) for better
visualisation (at 4 s, 10 s and 18 s). Sites containing the higher DF values (in yellow and
orange) at 4s, shifted over time and the DF value reduced, but reappear at 18s (orange

areas, for instance). The small area that contains DF values which were ‘similar’ over the 14s
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period of the 3 frames would agree with the aforementioned decay behaviour of DF over
time whereby a small proportion of the sites would have ‘stable’ DF within this time period
using the 2 thresholds (see example in Figure 3), but the DF sites had not remained stable

for considerable longer segment episodes duration.

Figure 5. Identification and tracking of the centre of gravity (CG) of the highest DF cloud for

a specific time segment (A). 3 types of behaviour were seen: Type 1 - localized (B), Type 2 -

cyclical (C) and Type 3 - chaotic (D).
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Figure 2
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Figure 3
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Figure 5
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Figure 5 (Continued)
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Figures in higher resolution and enlarged
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Figure 2
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Figure 3
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Figure 4B
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Figure 5B
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Figure 5D
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	Methods
	Study population
	Patients undergoing catheter ablation of persAF for the first time and with no previous history of heart diseases were recruited (see Table 1 for patients' characteristics). In keeping with the definition of persAF11, all patients were in AF at the st...
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	All continuous variables are expressed as mean ± standard deviation. Normally distributed data were analysed using paired and unpaired Student’s t-test. Categorical data were analysed using Chi squared or Fisher’s exact test.
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	Having seen the dynamic behaviour of DF and its lack of temporal stability, we proceeded with the tracking of HDFAs at each time point by plotting the trajectory of its CG, so as to determine its spatial characteristics. This revealed 3 patterns of be...
	i. Type I (Local activity) – CG propagation trajectory area (total area encompassed by the trajectory) < 5% of the LA area over consecutive time frames;
	ii. Type II (Cyclical) – CG propagation trajectory area > 5% of LA area but showing a trajectory that returns to the vicinity of at least one of its earlier CG sites over time;
	iii. Type III (Chaotic) – CG propagation trajectory area > 5% of LA area with a random pattern of movement and no overlap of CGs over consecutive time frames.
	Using NCM analysis of individual VEGMs, we have demonstrated that DF is not temporally stable during persAF, although reappearance of DF values can occur at times. By using a novel method of tracking the movement of HDFAs, we have also shown the prese...
	Significance of DF mapping
	Previous research had suggested that targeting sites of highest DF may be important for catheter ablation.5, 6 It had also been demonstrated that ablation reduces the DF of AF electrograms7, 24, 25 and that a decrease in DF may be associated with a mo...
	Spatiotemporal stability
	Spatiotemporal stability of DF sites has previously been studied by other authors. Schuessler et al.26 carried out epicardial contact mapping (CM) of the atria of patients undergoing open heart surgery while in AF and found that the location of the HD...
	As observed in our study, DF of individual VEGMs was largely temporally unstable, although there appeared to be transient episodes of stable DF, as well as a degree of reappearance of DF activity over time, mostly within 10s. It is therefore possible ...
	3D Trajectory mapping
	Localized and cyclical DF cloud activity accounted for most of the observed behaviour in the patients we studied. In fact the data show considerable repetitive and cyclical behaviour in analyses of DF trajectory, accounting for almost 64% of the time ...
	Characterising dynamic electrical activation in the search for ‘rotors’ in human AF has continued to be an area of keen research interest. Using epicardial mapping of patients undergoing open heart surgery, Sahadevan et al.32 found evidence for potent...
	Significance of findings and clinical implications
	Our results provide further insight into the potential mechanisms of persAF. Current mechanistic concepts include single re-entry with fibrillatory conduction (i.e. rotor driven) and the multiple wavelet hypotheses. Our findings show agreement with bo...
	It is likely that more than one mechanism may be involved in AF perpetuation at different stages of the arrhythmia history in any given individual. Depending on the extent of electromechanical remodelling and autonomic influence, a particular mechanis...
	Limitations
	This was a study involving a small number of patients, as our main objective was to describe the DF behaviour using high-density NCM of persAF. Electrogram analysis was restricted only to the LA, hence any potential contributions from the right atrium...
	Conclusions
	Using high density NCM of the LA, we have demonstrated that DF of AF electrograms lack spatiotemporal stability, hence targeting sites of peak DF from a single time frame is unlikely to be a reliable ablation strategy.  Tracking of the CGs of the HDFA...
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