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Rationale: A quantitative framework to summarize and explain the quasi-stationary

population dynamics of unstable phase singularities (PS) and wavelets in human atrial
brillation (AF) is at present lacking. Building on recent evidence showing that the
formation and destruction of PS and wavelets in AF can be represented as renewal
processes, we sought to establish such a quantitative framework, which could also

potentially provide insight into the mechanisms of spontaneous AF termination.

Objectives: Here, we hypothesized that the observed number of PS or wavelets in AF
could be governed by a common set of renewal rate constantd ¢ (for PS or wavelet
formation) andl 4 (PS or wavelet destruction), with steady-state population dynamics
modeled as an M/M/1 birth—death process. We further hypothesized that changes to
the M/M/1 birth—death matrix would explain spontaneous AF termination.

Methods and Results: AF was studied in in a multimodality, multispecies study
in humans, animal experimental models (rats and sheep) and Ramirez-Nattel-
Courtemanche model computer simulations. We demonstrated: (i) thdt; and | 4 can
be combined in a Markov M/M/L process to accurately model the observed average
number and population distribution of PS and wavelets in all systems at different scales
of mapping; and (ii) that slowing of the rate constantd ; and | 4 is associated with
slower mixing rates of the M/MA birth—death matrix, providing an explanation for
spontaneous AF termination.
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Conclusion: M/M/1 birth—death processes provide an accurate quantitative
representational architecture to characterize PS and wavelet population dynamics
in AF, by providing governing equations to understand the regeneration of PS and
wavelets during sustained AF, as well as providing insight into the mechanism of
spontaneous AF termination.

Keywords: atrial brillation, phase singularity, Markov model, birth—death process, wavelet

INTRODUCTION Kuklik et al., 2017 Child et al., 2018Christoph et al., 2018
suggesting renewal processes as a potentially universal paradigm
Atrial brillation (AF), the most common human arrhythmia, is to explain PS formation and destruction in cardiac brillation
characterized by aperiodic and disorganized electrical activatifbharmaprani et al., 2099
of the atria (Nattel, 200}. In its clinical spectrum, AF episodes Here, we seek to build on the renewal process paradigm
may occur in spontaneously terminating paroxysms lasting fdry using the governing parameters established in our previous
as short as a few seconds at a time, through to the mastudy, | 1 and | 4; to develop a model to understand the
persistent forms of AF, which may self-sustain for many decaddgnamics of PS and wavelets at the steady state population
(Michaud and Stevenson, 201®espite a century of research,level. Given the nding that PS formation and destruction
the mechanisms sustaining AF are incompletely understoodgcur at a constant rate, we reasoned that this could be
and a compact quantitative representational architecture withchieved using an M/M/ birth—death process; a speci ¢ type
the capacity to accurately summarize and explain the sustainefd continuous time Markov chain in which the population
dynamics of AF is lacking. dynamics of a system can be conceptualized as a multi-server
Here, we aimed to develop such a parsimonious mathematicpieue if arrivals (in the AF case PS or wavelets) occur at
representational paradigm with the potential to explaira constant renewal ratel {/, and each arrival experiences
the complex dynamics of AF. We postulated that such ianmediate service and is thereby available for destruction (at a
representational structure, if established, should have tleenstantrate given blyy) (Kleinrock, 197% M/M/1 birth death
following properties: (i) it should be able reframe the complexitprocesses are characterized by a Markov birth—death transition
of AF dynamics in the form of simple governing equationstgnatrix and well-de ned quasi-stationary state equations, and
(ii) these equations should be able to make predictions thate considered an important foundational concept in probability
can be tested by experimental observation; (iii) the predictioribeory (Figure 1) (Kleinrock, 197%.
made by the equations should be accurate in as wide a possibldn a multispecies and multimodality investigation, we
range of experimental AF conditions, and be invariant undeanalyzed human, animal experimental and computer simulated
transformation of scale. Such a quantitative framework couldF, hypothesizing the M/ML framework could provide
be an important advance in AF dynamics to facilitate reasoningpverning equations to explain the steady state average number
about the underlying pathobiology of AF. and population distribution of PS. Due to the intrinsic topological
We reasoned that such a quantitative conceptual paradigpnoperty of PS that connects these circuits to the free ends of
could potentially be established by understanding the properti@gavelets \(Vinfree, 198), we further hypothesized that the rate
of unstable reentrant circuits in AF. Unstable reentrant circuitssonstantsl  and | 4 for PS would be correlated with those
whose pivots are known as phase singularitiésn(ree, 198y for wavelets. Additionally we hypothesized that althoulgh
(PS), have been a near universal observation in the pastd | 4 would vary with coarse graining and decreased eld
century of AF research, occurring at regions of anatomical araf view (as occurs with human catheter based mapping), that
functional conduction block, as well as at the center of rotatinthe M/M/1 governing equations themselves would show the
reentrant circuits Garrey, 1914Moe, 1962Allessie et al., 1985 property of scale invariance, and continue to apply at each
Mandapati et al., 2000 of these dierent scales of observation. Finally, we sought
In an earlier study, we demonstrated that the formatiorio use the M/MAL framework to understand the persistence
and destruction of PS in human and experimental AF couldnd termination of AF, with the hypothesis that episodes of
be represented as renewal processBsa(maprani et al., terminating AF would be distinguished by alterations in spectral
2019. Specically, we showed that the inter-formationproperties of the eigenvalues of the birth—-death matrix. We
and lifetimes of both short and long-lasting PS in humarspeci cally reasoned that slowing of the mixing rate at which the
and experimental AF consistently followed exponentiajuasi-stationary PS birth—death steady state is achieved would be
distributions (Oharmaprani et al., 20)9 These exponential associated with the spontaneous termination of AF, by allowing
distributions imply quasi-stationary rates of PS formatiorgreater opportunity for the PS population distribution to deviate
and destruction, whose rate constants we de nedl asand from the quasi-stationary steady state, and thereby facilitating
| ¢ (Dharmaprani et al., 20)9We con rmed in a systematic spontaneous termination. Collectively, this study aimed to
review, this hallmark of a renewal process was identi ablestablish whether M/ML birth—death processes could be used
in all studies of cardiac brillation reporting PS lifetime as a quantitative representational framework to understand how
data Chen et al., 20002hen et al.,, 200GbRogers, 2004 AF self-sustains.
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FIGURE 1 | Study overview.(a) PS and wavelet lifetimes and inter-formation times are measured, and rate constants of PS/wavelet formation and destruction are
obtained by constructing probability distributions of inter-event timegb). Rate of formation [ ¢) gives a measure of how fast PS/wavelets are created, while rate
constant of destruction { 4) gives a measure of how fast they are destroyedcc) We hypothesized that an M/MA Markov Birth—-Death model would provide
governing equations of PS/wavelet population, but also potentially provide insights into spontaneous AF termination. An example transition diagram (left) and
transition matrix (right) is shownSupplementary Material S9 ) (d) This hypothesis was investigated across model systems and mapping modalitie¢e) In order to
establish an M/M/1  framework, three key areas were investigated.
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MATERIALS AND METHODS at 30 ml/min and 37C. After stabilization and blebbistatin
electrical-mechanical decoupling, the heart was loaded with di-

This study tests the hypothesis that the steady state numberdeANEPPS Dharmaprani et al., 20)9A charge-coupled device

rotors and wavelets could be modeled as a Markov M/IM/ was used to record uorescenc®lfarmaprani et al., 20)9

birth—death process, characterized by rate consthptand| 4, (Supplementary Material S}

respectively. Human, animal, and computational models of AF

were used to test this hypothesis at di erent scales and usifig€aning, Filtering and Signal Processing

di erent mapping modalities. Methods are presented in twdSignal processing was performed as previouSlypplementary

parts: (i) Part 1 provides data acquisition and signal processiniylaterials S3, Sp (Dharmaprani et al., 20)9(Figure 2).

details; (ii)Part 2 introduces the M/MA birth—death process. Unipolar electrograms, surface ECG, and 3D data were
exported from EnSite Velocity. QRS subtraction was performed

(Dharmaprani et al., 20)9Further pre-processing was applied

Part 1 [_)ata Acquisition and Signal using Butterworth Iters applied in forward and reverse mode
Processing for sheep and human dataS@pplementary Materials S3,
Atrial Fibrillation — Computational Simulation, S5 (Dharmaprani et al., 20)9 Sinusoidal recomposition was
Experimental and Human AF Data applied with dominant frequency used as the wavelet period

Phase singularities formation and destruction was modeled usifigharmaprani et al., 20)9and phase computed using the
a birth—death process in computer simulated AF. Computedilbert transform (©harmaprani et al., 2039 In optically
simulations were carried out on two-dimensional square grid®apped data, a Gaussian kernsl£ 4) was used to perform
[Courtemanche-Ramirez-Nattel cell modél¢urtemanche et al., lowpass spatiotemporal Itering on the transmembrane potential
1999, 7 6 cm]. Dierential equations were solved with (Dharmapranietal., 20)9The Hilbert transform was applied to

a 25 ms time-step, with simulations of up to 5 s. AF ltered optically mapped and simulated transmembrane voltages,
epochs were initiated by a standard S1-S2 cross-shock protd&sipectively§upplementary Material Sh

(Supplementary Material SL. The human AF study extends . ) .

our previously published studyDparmaprani et al., 209 Phase Singularity and Wavelet Detection and

The study was a multi-center observational design analyziﬂ—%aCk'”g

electrograms acquired prior to ablation. The inclusion criterioffhase singularities are topological defects at the pivots of
was AF undergoing ablation. Patient participation was b{ptors, and at the free ends of waveleBglre 19 (Winfree,
informed consent, with recruitment from Flinders University and-987). PS were detected using two topological charge methods:
Hamburg University. The patient cohort includete 26 patients (i) @ convolutional kernel methodHray and Wikswo, 2002
[age 62 8, 21/26 male (81%), BMI 29 5, non-paroxysmal Nash et al., 20Q6Child et al., 201Band (ii) the double ring
18/26 (69%)]. Patient baseline characteristics for the humdapethod (Kuklik et al., 201y (Supplementary Material S7and

AF cohort are provided irSupplementary Material S2Basket Supplementary Figure 23, S)6PS and wavelets were tracked
catheter recordings were performed as previouslygrmaprani USing a previously implemented tracking algorithiiigsh et al.,
etal., 201} 64-electrode basket catheters [Constellation, Boste¥08 Bradley et al., 2031 Child et al., 2018Dharmaprani et al.,
Scienti ¢, 48 mm (4 mm spacing), 60 mm (5 mm spacing)] wer€019. New PS were de ned as the detection of a PS not falling
utilized. Unipolar electrogram (1-500 Hz, 2000 Hz samplingﬂ/ithi” the surrounding electrode neighborhood of radiusof

and surface electrocardiogram were obtained in spontaneo@dother PS, and existing for a duration of Primary analysis

or induced AF lasting> 5 min. In a subset of patients, Was performed witlt = 10 ms and' = 4 mm in human basket
simultaneous basket and grid catheter (AdvidbHD grid, AF, with sensitivity analyses performed for a ranget aind r
Abbott, IL, United States) recordings were obtained, with thualues to validate the consistency. Wavefronts were identi ed as
HD-grid a 3-3-3 mm catheter with 16 electrodes. During thedéhes of zero phase, and tracked using graph theory approach
recordings, the HD grid catheter was placed on the anterior LAS describedHogers, 2004(Supplementary Material SY. To

or posterior LA with baskefn situ. The animal models used determine wavelet and PS lifetime and inter-formation times,
included an ovine persistent AF model (mapped with baskét look-up table indexing onset time, o set time and electrode
catheters) and rat AF model (mapped with optical mappingj_ocation for e_ach new PS and wavelet detection was created
Ovine persistent AF was induced via atrial tachypacing fdPharmapranietal., 2039

16 weeks at 300 beats per minute as describ&lipplementary

Material S3 (Dharmaprani et al., 20)9Unipolar electrograms Part 2: Study Methodology

were obtained during electrophysiology study, using 64-electroBstablishing Summary Equations of PS and Wavelet
Constellation catheters (48 mm). Electrograms were ltered frorRopulation Dynamics in AF

30-500 Hz and sampled at 1 kHz for shee&ugplementary A birth—death process is a continuous-time Markov chain used
Materials S3, Sk Five-minute or greater recordings from theto represent the number of entities in a dynamical system
LA and RA were obtained in AF. Optical mapping in a rat ARKleinrock, 197% An introduction to Markov birth—death
model was performed as previously describ8dplementary processes is provided Bupplementary Materials S8-S1@nd
Material S4 (Dharmaprani et al., 20)9 The heart was Figure 1 In a birth—death process, there are two types of state
excised and perfused in Langendor mode with Krebs solutiotransitions: (i) “births, which increase the population size by one,
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Data acquisition and signal processing of intracardiac catheter data
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Example phase maps, PS and wavelet tracking

0 Human Basket Mapped AF
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FIGURE 2 | Data acquisition, signal processing, example phase maps and trackinga) Left anterior oblique (LAO) and right anterior obliqgue (RAO) projection
showing a basket catheterin situin the atrium. (b) Three-dimensional visualization of the same basket catheter within the anatomic shell, mapped on Velocity.

(c) Atrial electrograms undergo QRS subtraction to remove ventricular artifacts, a series of Itering steps, and sinusoidally recomposéd). Phase maps in
basket-mapped human AF, with PS denoted by (PS) and wavelets by (W). A wavelet can be seen &t= 300-350 ms, whilst a rotor att = 1040-1060 ms. (e—g)
Phase maps of HD-grid mapped human, optically mapped rat, and computer simulated AF. Note that phase map resolution in catheter-mapped data corresponds
to the respective electrode interspacing.
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and (ii) “deaths' that reduce the population by offégure 19. In  state equations. To test this hypothesis of scale dependence, we
AF, we hypothesized, based on our earlier demonstration that R¥estigated PS/wavelet population dynamics and renewal rates
and wavelet formation rate$ {/ and destruction|l( 4/ are quasi- in: (i) basket catheter recordings of human persistent AF, (ii)
stationary Supplementary Material S that the population HD-grid recordings of human persistent AF and (iii) computer
dynamics of PS and wavelets could be summarized as an M/M/simulated AF. To gain insight into this e ect, decimation was also
birth—death process. The M/NV/ is a type of birth—death processused in AF computer simulations to investigate how the spatial
in which there is a quasi-stationary rate of arrivals into thelensity of the mapped area a ects PS and wavelet formation
system (with renewal rate constahf/; and a similarly stable and destruction processesSypplementary Material S1)L
rate of destruction (with renewal rate constdni/, that occurs Spatially uniform pixels were selected at progressively coarse-
in the scenario that arrivals into the system are immediatelyrained spatial densities in simulated AF. Phase between the
available for service. In AF, we reasoned that because as smmaining pixels was interpolated, and PS/wavelet rates and
as PS and wavelets are formed, they are immediately accessibfeulation measured.
for potential destruction, we reasoned the M/M/ birth—death
process could potentially be used to model AF PS populatidnsights Into Spontaneous AF Termination
dynamics. A characteristic of M/M/ birth—death processes is An interesting, yet incompletely understood characteristic of AF
the presence of a well-de ned transition matri8pplementary is its ability to spontaneously terminate into sinus rhythixr(
Material S10 that converges to a quasi-stationary steady state al., 201y, We hypothesized because termination is a deviation
population dynamics with xed, predictable conditional limiting from the quasi-stationary state, the eigenvalue spectrum of
distributions (Vvan Doorn, 199). It can be noted that Markov the birth—death transition matrix could explain termination
chain theory allows for the state space to be in nite, and anffurther detail in Supplementary Material S10) The spectral
calculations of quasi-stationary states equations, would be exgap, calculated as the di erence between the rst and second
in the limiting case. However, in this study, the birth—deathHargest eigenvalues, is the key determinant of the rate at which
matrix was estimated using the maximum number of PS/WBR Markov matrix approaches its quasi-stationary distribution
tracked states in the birth—death design matrix. From this, tw(Boyd et al., 2004
key M/M/1 equations were used to model: (i) the average We speci cally reasoned that spontaneous AF termination
number of PS and wavelets, and (ii) the population distributiomvould likely occur when steady state is reached more slowly,
of PS and wavelets. thereby providing a greater opportunity for the process to
For an M/M/1 birth—death processes, the average numbeliverge from the quasi-steady distribution and break the cycle
N of PS and wavelets may be summarized using the steady-sttd®S and wavelet regeneration. To test this hypothesis, we

equation Kleinrock, 197 examined the eigenvalue spectral gap in computer simulated
I and human AF, comparing cases where AF spontaneously
ND — Y terminated to cases where it sustained. The spectral gap
g determines the mixing raté at which a Markov matrix
wherel ; and | 4 are the rates of PS/wavelet formation andPProaches its quasi-stationary state, and we hypothesized
destruction, respectively. that the spectral gap should be smaller in self-terminating

The second equation summarizes the PS and wavefftisodes, along with a slower mixing rat&upplementary
population distribution, which gives the steady-state probabilitylaterial S10. Mixing rates, | 1, | ¢ were estimated from
(P,) of having a phase singularity or wavelet population size ofeéPochs of spontaneous AF termination, and compared to epochs

(Kleinrock, 197 of sustained AF.
| ¢ "o X I 4 Cross Validation and Sensitivity Analyses
P, D X 2/ To cross-validate, several sensitivity analyses were conducted. To
nw ensure that study ndings were not due to PS/wavelet annotation

To test the hypothesis that these equations explain amgethod, analyses were repeated with a second PS detection
summarize PS and wavelet population dynamiCS,and | d method «Uk“k etal., 2017 We also SyStematically checked the
were obtained as described previous@rmaprani et al., 20)9 sensitivity of the PS and wavelet tracking algorithm to con rm
and used to model the number and population distribution ofhe study ndings, such that PS were required to be present
PS/wavelets present in the recording. This modeled predictid@r t ~ 5-40 ms, and tracked within a radius(2.83 pixels,

was Compared to the observed number and popu|at|0§67 piXelS, 8.49 piXeIS and 11.31 piXeIS on the interpolated

distribution of PS and wavelets. 29 29 pixel grid). Analyses were also performed for long-lasting
PS> 150 ms, corresponding to more stable re-entrant activity,

Effect of Mapping Scale on PS and Wavelet to assess if there were di erences in the e cacy of the MM/

Population Dynamics equations in more sustained reentry. We also reasoned that due

As the size of the mapped area would in uence the numbep the intrinsic topological connection whereby PS must occur at

of PS and wavelet formation and destruction events capturethe free ends of wavelets, that rate constants of wavelet formation
we hypothesized that this would in turn a ect the calculatecand destruction should be linearly correlated to those for PS

I+ and | 4; relevant to the clinical application of the steady ; andl 4:
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Statistical Analysis comparable to observed population distributions (Goodness of
To calculate |y andl 4, data was tted to exponential t P> 0.05in all cases, with summary human data presented in
distributions using maximum likelihood [fharmaprani et al., Supplementary Table Z2ind Supplementary Material S1P
2019. Data tting was performed in Matlab 2017b (Natick, To investigate the relationship between PS and wavelet rates
MA, United States) to create a probability distributions forof formation and destruction, the correlation between PS/wavelet
each epoch. Chi-square®?) goodness-of-t tests were used! ¢ andl 4 was studied $upplementary Material S1B | ; and
to assess adequacy of distributional t. Shapiro-Wilk tests wefeg, for wavelet and PS were correlatéd:(R2 = 0.86;P < 0.001;
performed to assess normality for reported variables. To assegsrRZ = 0.60;P < 0.001), implyind ; and| 4 are a common set
statistical signi cancet-tests were used for independent groupsef rate constants.
and in non-normally distributed data the non-parametric Mann—  The key M/M/L  ndings were cross validated by
Whitney U test was utilized. Comparison of predicted vs. directlgssessing the correlation between the predicted and observed
observed parameters was performed using bivariate Pears@éjwavelet number detected using various tracking parameters
correlation and$2 goodness-of-t tests. Two-tailedP-values (Supplementary Material S}t for the PS/wavelet algorithms
were considered signi cant &< 0.05. (Supplementary Material S1B (number of tracked frames
and tracking radius). Predicted and observed PS number were
linearly correlated for all conditions of the parameterd afndr

RESULTS (Supplementary Figures 7, &ndSupplementary Material S1%

. As the steady state M/M/ equations assumé; and | 4
M/M/'1 Equations and PS and Wavelet are stationary (temporally stable) we systematically validated
Number in Simulated, Experimental and the stationarity of PS and wavelet renewal raltgd 4 in all
Human AF model systemsJupplementary Material S1h In all cases, the

We tested the ability of the M/M! equations to summarize autocorrelation of PS inter-formation times approached zero for

and explain PS and wavelet dynamics by conducting aéU non-zero lags, antl; and| 4 from random s_hort-duration
multimodality multispecies study comparing the average numbdfindows converged to long-terh¢=l 4; implying temporal
and population distribution of PS and wavelets predicted btaPility of these rate constants.
the M/M/1 equations.Figure 3a shows phase maps for an
example computer simulated AF case (Courtemanche mod%) .
(Courtemanche et al., 19p8corresponding to a PS formation Effect of Mapping Scale
rate ofl ; = 0.27/ms and a PS destruction ratelgf = 0.05/ms. Effect of Mapped Field of View in Computer
A worked example using the M/M/ equation is shown in Simulated AF
Figure 3a giving a computed average number of 5.4 PS. THegures 4a—cshows phase maps for various grid-sizes (number
average wavelet number was also calculated for 0.37/ms of pixels) in computer simulated AF to represent recordings
and| 4 = 0.11/ms, giving an average computed number of 3.3@ith variously sized elds of view. For each grid size, the
wavelets. Computed PS and wavelets number corresponded totleresponding probability distribution of PS/wavelet inter-
observed number shown in phase mapg(re 39. Figures 3b,c formation times and lifetimes was most consistent with
shows the running count (number of PS and wavelets) acroga exponential distribution, demonstrating consistency of PS
time, demonstrating close matching of the average computéoirmation and destruction as renewal processes at each scale.
and observed number of PS and wavelets. The computed afdsl the size of the mapped eld was increased, the number
observed population distributions of PS and wavelets were alsbPS and wavelets captured also increadedufe 4d). The
close matching, giving? values of 0.56R = 0.91) and 3.57 increased number of PS and wavelets captured by larger elds
(P = 0.98), respectively, failing to reject the null hypothesisf view caused the timings between observed PS formation
that the distributions are statistically di erent at the accepte@vents to decrease. This resulted in a faster rate of new PS
signi cance level ofa = 0.05. This implies a good t betweenand formations being captured, in turn leading to an aggregate
observed and M/ML predicted population distributions. increase in the long-term average rate of PS formatign

All cases of human basket AF showed similar results. Tl{Eigure 4€. The long-term average rate of wavelet formation
M/M/ 1 predicted and observed average number of PS amhg also increased in larger gridsFigure 4f). For PS and
wavelets were linearly correlated (F: = 0.99;P < 0.001; wavelet destruction events, although the number of events
waveletsR? = 0.99;P < 0.001). M/M/L predicted population similarly increased with grid sizeFigure 4d), the long-term
distributions of PS and wavelets were similar to the observederage rate of PS/wavelet destructiof is more consistent
distributions in all cases, witR > 0.05 indicating a good tto (Figure 4f). It can be noted that for the largest 500 500
predicted distributionsftigure 3d). Similar ndings were seenin grid, a slight decrease in PS and | 4 was observed. This
all cases of human HD-grid mapped AF (F8:= 0.89;P< 0.00; is likely due to the long-lasting PS located at the boundary,
wavelet:R2 = 0.99;P < 0.001,Figure 38, all cases of sheepwhich is only captured by the 500 500 grid Eigure 49.
basket catheter-mapped AF (F: = 0.99:P < 0.001; wavelet: Consequently, the rate of formation and destruction is slowed
R% = 0.99;P < 0.001Figure 3f) and optically mapped rat AF (PS: slightly. However, overall, the increased number of PS and
R2=0.99;P < 0.001; wavele® = 0.92;P < 0.001Figure 3g. wavelets detected in larger grids suggests an aggregate increasing
In all model systems, predicted PS population distributions weteend inl ; andl 4.
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Summarizing PS and wavelet number in an example computer simulated AF case
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FIGURE 3 | Summarizing and explaining PS and wavelet numbe(a) Example phase maps from a computer simulated AF case showing the PS/wavelets present at
different time steps. Computed average number of PS/wavelets approximate the number observed in the example phase majl) Left: running count of PS,

showing that the average number of observed PS approximates the computed average number) Right: computed and observed population distributions are close
matching. (d) Left: Scatter plots showing average number of PS and wavelets in human AF (basket catheter mapped). Each point represents the average number| of
PS or wavelets calculated using equation 1, plotted against the average observed number of PS/wavelets that is seen in a single AF epoch. In all cases of basket|

(Continued)
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FIGURE 3 | Continued

-mapped human AF, the average computed and observed number of PSR? = 0.99; P < 0.001) and wavelets R? = 0.99; P < 0.001) are highly correlated.
Computed PS and wavelet population distributions are also well tted to observed PSB; 0.56, P = 0.98) and wavelet $, 3.57, P = 0.93) population distributions.
(e—g) Similar observations were seen in HD-grid mapped AF, (PR2 = 0.89; P < 0.001; wavelets:R? = 0.99; P < 0.001) (PS:$, 1.66, P = 0.44 wavelet: $, 0.042,
P =0.98), sheep AF (PSR2 =0.99; P < 0.001; wavelet:RZ = 0.99; P < 0.001) (PS:$, 3.32, P =0.91; wavelet: $, 2.29, P = 0.94), rat AF (PS:R2 =0.99;

P < 0.001; wavelet: R2 = 0.92; P < 0.001) (PS:$, 1.37, P = 0.97; wavelet: $, 2.44, P = 0.66).

Effect of mapped field of view size in computer simulated AF
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FIGURE 4 | Effect of mapped eld of view size.(a—c) Phase maps and PS/wavelet lifetime distributions in an example case of computer simulated AF, showing the
effect of varying the mapped eld size.(d) As mapped area increases, more PS/wavelets are capturede) Increased number of PS captured results in a higher rate
of PS formation ( ¢), but consistent PS destruction [ 4). (f) Waveletl ; also increases, butl 4 remains consistent.(g,h) Phase maps and probability distributions of
PS/wavelets acquired using HD-grid and basket catheter(i) Basket mapped data with a larger eld of view captures a greater number of PS/waveletgj) PS| ¢
increases for basket catheter data, but 4 decreases. (k) For wavelets,| ; increases when mapped with basket catheter, whilst 4 decreases.
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Effect of Mapped Field of View in Human AF from a single example epoch of sustained AF, witigiure 6b
To further understand the e ect of scale dependence on Rfectrograms for an example terminating AF epoch.
formation and destruction rates,s and| 4 were calculated for ~ The mean PSl; was 0.026/ms (95% CI, 0.023, 0.030)
simultaneous basket catheter (8 8 electrodes) and HD-grid for spontaneous termination and 0.035/ms (95% CI, 0.031,
(4 4 electrodes) recordings taken during human persistei®039) for sustained cases. All epochs of spontaneous human
AF. Figures 4g,hshow example phase maps from the HDAF termination showed a statistically signicant dierence
grid catheter recording and the corresponding basket cathetiér PS | ; when compared to sustained human AF epochs
recording of the same human persistent AF epoch. Probabiliff® < 0.001) Figure 6¢ left). Similar trends were seen for PS
distributions of PS and wavelet inter-formation and lifetimes 4, with spontaneous termination corresponding to a mean
were most consistent with exponential distributions. of 0.009/ms (95% CI, 0.008, 0.010) and 0.013/ms (95% ClI,
The mean number of PS [1.32, (95% CI, 1.22, 1.42)] afid012, 0.014) in sustained human AF. A statistically signi cant
wavelets [0.21, (95% ClI, 0.16, 0.25)] captured by the HD-grili erence was also seen for Pg between all terminating versus
catheter was signi cantly lower than mean the number of PSustained epochd?(< 0.001) Figure 6¢ right). This suggests
[2.87, (95% CI, 2.71, 3.04)] and wavelets [1.51, (95% CI, 1.8&lowing of the rate of PS formation and destruction prior to
1.65)] captured by the basket catheter (HD-gRds 0.00; Basket: spontaneous AF termination.
P < 0.001) Figure 4i). The mean wavelets was 0.032/ms (95% ClI, 0.029, 0.035)
Di erences in rate constants were also seen between the taod | 4 0.022/ms (95% CI, 0.021, 0.024) for epochs showing
mapping catheters. The mean Pgfor HD-grid recordings was spontaneous termination. In sustained AF epochs, mean wavelet
0.002/ms (95% CI, 0.001, 0.003) and meah £8.001/ms (95% | ¢ was 0.040/ms (95% CI, 0.036, 0.044) hgd.027/ms (95%
Cl, 0.001, 0.002). For basket catheter recordings the mean ®S0.025, 0.030Hgure 64, left). Di erences between wavelet
| + was 0.030/ms (95% Cl, 0.027, 0.033) and medry@012/ms andl 4 between sustained and terminating cases was statistically
(95% ClI, 0.010, 0.013Figure 4j). For wavelets, the medn and signi cant (I :P< 0.001] 4: P< 0.001) Figure 6d right).
| y measured by the HD-grid was 0.006/ms (95% CI, 0.005, 0.007)It can be noted that although PS and wavelgt and
and 0.036/ms (95% Cl, 0.032, 0.039), respectively, and for basketowered in cases of AF termination, there was no statistically
catheter recordings medn andl 4 was 0.037/ms (95% Cl, 0.034signi cant di erence between the average number of PS
0.39) and 0.029/ms (95% CIl, 0.025, 0.033), respectivgyre and wavelets in sustained versus terminating episodes of AF
4k). The HD-grid captured a signi cantly slower PS/wavelgt (Figures 6e,f. The mean PS number in sustained AF cases was
when compared to the basket catheter (HD-grll:< 0.001; 2.74 (95% Cl, 2.62, 2.85) and 2.81 in terminating cases (95% ClI,
BasketP < 0.001). Howevet, 4 was slightly higher for PS when 2.59, 3.03), which was not statistically signi caft £ 0.584).
measured using the HD-grid versus basket cathe®er (0.001), Similar results were seen for the average number of wavelets,
but not wavelet 4 (P=0.013) Figures 4j,K. These ndings were [sustained: 1.62 (95% CI, 1.43, 1.82); terminating: 1.52 (95%

similar to those for computer simulated AF. Cl, 1.31, 1.73)] which were also not statistically signi cant
. . (P=0.469). We reasoned this lack of di erence may be due to the
Effect of Mapping Density fact that the average PS and WF number is calculated throughout

Figures 5a—d depict example voltage and phase maps fahe whole epoch rather than at a speci ¢ moment, and since
a computer simulated AF. The original undecimated datgpontaneous AF termination happens rather abruptly, the change
(600 600 pixels) is shown ifrigure 53 with the PS/wavelets jn pS and WF number would only occur in the very few moments
detected shown on the respective phase map. As the spagafore termination.

density of the mapped area increased, the number of PS detecteqye further reasoned that rather than the average number
also increasedRigure 56, leading to a decrease Iy and | ¢ jtself, it may be deviations from the steady state population
(Figure 5f). This suggests that PS captured with higher densibystribution that di erentiates terminating episodes. When
grids are present for a longer length of time as re ected iRpalyzing the eigenvalue spectrum of the Markov birth—
the probability distributions kigures 5h—g, and that new PS geath transition matrix in computer simulated AF, the second
formations are captured more quickly. In contralst,for wavelets  |argest eigenvalue modulus (SLEM) of termination cases [mean
increased as the mapping density decreases, wWhilsicreased 0.9839 (95% CI, 0.9668, 1.000)] was consistently higher
(Figure 5. This suggests that wavelets captured may last fofigan for sustained AF cases [mean 0.9771 (95% CI, 0.9558,

longer length of time with increasing grid size. 0.9919)] P < 0.001) Figure 69. This led to smaller spectral

. gaps, and therefore slower mixing rates for spontaneous AF
|ns'9ht5 |.m0 Spontaneous AF termination cases. Speci cally, the mean mixing rate in computer
Termination simulated AF was 0.016 (95% ClI, 0.001, 0.034) for spontaneous

We hypothesized that we could gain insight into the mechanistermination and 0.032 (95% ClI, 0.018, 0.045) for sustained cases
of AF termination via understanding di erences in the M/MI/ (P < 0.001) Figure 6i).

birth—death matrix between AF epochs that spontaneously Similar results were seen for human AF. The SLEM of
terminated and those that sustained. AF termination was studigéedrmination cases [mean 0.8815 (95% CI, 0.7746, 0.9885)] was
in n =36 epochs of termination [mean epoch length 88.048 s (95€6nsistently higher than for sustained AF cases [mean 0.7826
Cl, 70.029, 106.14)], comparedria= 56 epochs of sustained AF(95% CI, 0.6279, 0.9373)p & 0.001) Figure 6h). All epochs
lasting at least 5 mirfrigure 6ashows intracardiac electrogramsof spontaneous human AF termination showed a signi cantly
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FIGURE 5 | Effect of mapping density.(a) Voltage and phase map of the original 600 600 pixel computed simulated AF grid.(b—d) Top row: selected pixels
indicated by the green dot (), and used to construct lower resolution grids of 25 25,12 12,and 8 8 pixels. Corresponding voltage/phase maps are shown
(e) As mapping density increases, more PS/wavelets are detectedf,g) with increasing mapping density PS  and | 4 decreases, and wavelet ¢ increases whilst
| 4 decreases. (h—k) Probability distribution of PS and wavelet lifetimes are exponential for all densities, Bytand | 4 change.
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FIGURE 6 | Insights into spontaneous termination(a,b) Example electrograms are shown, with AF terminating at 67 s. (c,d) | 1 and | 4 lowers in cases of
spontaneous AF termination, suggesting a slowing in the rate of PS/wavelet regeneratio@,f) Average PS and wavelet number in sustained vs. terminating AF
episodes are not statistically different(g,i) Eigenvalue plots for sustained AF and spontaneously terminating AF cases in computer simulated and human AF. In both
model systems, termination cases demonstrated a larger value for the second largest eigenvalue modulus (SLEM), which lead to smaller spectral gaps and slower
mixing rates. These changes to the eigenvalue transition matrix likely re ect a deviation from steady state, which promotes termination to oc¢hyj) In both
computer simulated and human AF, mixing rates decrease in cases of spontaneous AF terminatidh€ 0.001).
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slower mixing rate when compared to sustained human Afbrillatory process is internally consistent at each level of
(P < 0.001) Figure 6)). In human basket AF, the mean mixing observation, such that; and| gy measured at any particular
rate was also slower in cases of spontaneous AF terminatiobservational level give rise to dynamics internally consistent
[mean 0.008 (095% ClI, 0.007, 0.009)] versus sustained AF [meath an M/M/1 birth—death process operating at the same level.
0.013 (095% Cl, 0.012, 0.015)].

What This Study Adds to the Renewal
Theory Paradigm

In our previous study, we demonstrated that PS formation

Despite a century of research, the complex and turbulefnd destruction could be represented as renewal_ processes,
dynamics of AF remain incompletely understood. The objectivearacterized by rate constarits and| 4 (Dharmaprani et al.,
ofthe current study was to develop an ontologically parsimoniou?som' We demonstrated that this applied to various model
mathematical representation of AF dynamics. We reasondyStems (humans, rat, sheep and computer simulation) and
that because of the intrinsically disaggregated nature of wa@e'0SS mapping modalities. Although this work allowed us to
propagation in AF across the atrial myocardium, over timguantfy 1 ¢ and I 4, the previous .study did noF use the;e
PS and wavelet formation and destruction inter-event timg@t€ constants to develop governing mathematical equations

would converge to exponential distributions associated witp duantify the population dynamics of PS and wavelets, or
stable rate constants; and | 4. By analogy with queueing study howl ; and| 4 changes under various conditions such

systems in probability theory, we hypothesized that and 25 varying mapped elds of vieyv, and in episodes of sustained
|y would thus be fundamental rate parameters that could B&TSUS terminating AF. Collectively, the results of the current

combined in an M/MAL birth—death model to summarize and Study extends our previous work by nding a way to utilize
understand AF dynamics. I + andl 4 in an M/M/1 birth—death process, hence providing

We investigated this hypothesis in a multispecie@ NeW quantitative representational framework to help further
multimodality study of AF and demonstrated that: understand AF dynamics.

i. |+ and |4 can be combined using an M/M/ birth Important Considerations in Applying the
death process to accurately model the quasi-stationaM/M/ 1 A
pproach

population dynamics of PS and wavelets in AF. | idering th its of th t stud b f
ii. Wavelet and PS¢ and | 4 are highly correlated in n considering the results of the current study, a numpber o

keeping with the topological connection between these mjmportant issues are worthy of consideration. The rstis whether
forms of propagation or not the results could have arisen purely by methodological

iii. Rate constantd ; and | 4 are determined by the eld expe_rimental error in signal acqui;ition, or proc_essing. Several
of view of AF mapping, both in terms of the size of thestud|es have_ suggested_ a potential for error in electrogram-
mapped eld and the scale e ect of coarse graining th ase_d detection of PS with basket cathet&rsngy et al., 2017
system via mapping AF at reduced electrode densities, . grtme_z-Mateu_et al., 20)8We would agree a degree of error
is performed in clinical settings. However, the operation o certa_lnly possible that with bgs_ket catheter based as_sessment of
the M/M/1 birth—death process itself is invariant underl S, W2|||Ch would a ect the precision of rate constant estimates for
£ anal g:

scale transformation. H | fact Id ¢ that . al
iv. Rate constantés and| 4 are slowed in AF cases with owever, several factors would suggest that experimenta
ror alone would be insucient explain the consistent

spontaneous termination, leading to a reduced spectrg i f tial distributi d th f
gap and slower mixing rate of the M/NI/ birth-death 2°S€'vation of exponential distnbutions and the accuracy o

Markov matrix, potentially providing an explanation forthe .b|rth—death equatlorjs. Th? rst is that an gxpongnnal
spontaneous AF termination. dlstrl_butlon of_ phase singularity _and rotor lifetimes is a
consistent nding throughout the history of AF research. The
These ndings suggestthe M/M/ birth—death process can be Jalifé laboratory was the rst to report an exponential shaped
used to provide a new quantitative representational frameworkstribution of PS lifetimes in the classic cholinergic sheep model
to understand PS and wavelet population dynamics in AF. W&f AF, where PS detection was based on optically mapped
replicated this nding in a range of AF models in di erent data Chen et al., 2000aThe same pattern was con rmed by
species, using di erent mapping modalities and densities, tthe same group in ventricular brillation Chen et al., 200Q0b
provide evidence of generality. It should be noted an exponenti@ubsequently, epicardial distributions of rotor lifetimes were
distribution of PS lifetimes has been a consistent observatiatserved in careful epicardial recordings, as well as simulations
in both AF and VF Chen et al.,, 2000@hen et al., 2000b (Kuklik etal., 2017Schlemmer et al., 20).8Ve, and others, have
Rogers, 2004&Kuklik et al., 2017 Child et al., 2018Christoph observed the same pattern in basket catheter datal{ et al.,
et al., 201§ suggesting that the M/M/ approach should be 2018 Dharmaprani et al., 20)9In our study, we performed we
readily replicated. The consistency of the MMM/framework performed careful analyses of PS inter-formation and lifetimes
over di erent densities and with coarse-graining suggests that multiple settings, including simulations, optical mapping, and
although AF dynamic behavior may appear quite di erent ovehuman data. We undertook multiple steps to minimize the
various mapping resolutions and elds of view, the underlyingnethodological error, including the use of multiple PS detection

DISCUSSION
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algorithms, applied with a range of parameters, in multiplevavelet formation and destruction due to the disaggregated,
systems. It remains possible that there could be some degredurbulent nature of AF.
experimental error in our ndings. However, itis implausible that
the |r_1ternal consistency of our ndings, in conjunction with the-l-ne M/M/ 1 Framework as a
consistency of our results with the data has accrued over sevelsa . . .
decades, could arise purely by chance. arsimonious Representational

A second important factor to consider in assessing thBaradigm
M/M/ 1 framework is to understand that this representationalhe M/M/1 birth—death process is a scienti cally attractive
architecture is to understand its logical derivation from theconceptual representation of AF dynamics. The equations of the
fundamental properties of AF. The fundamental property thail/M/ 1 process are well characterized in probability theory,
separates AF from other atrial arrhythmias is disaggregatedoviding an extensive theoretical framework. Additionally, the
electrical activity in the atrium, in both space and time. Théramework is also parsimonious, in that the complexity of AF
intrinsic turbulence of AF as an arrhythmia would suggestynamics is shown to be compactly represented by two simple
that the formation and destruction of PS should be statisticallyarameterd  and| 4. This simplicity likely underlies why the
independent events. The exponential distribution of PS inteM/M/1 paradigm appears to accurately model PS and wavelet
formation times, and PS lifetimes, arises as a consequemiymamics in arange of model systems. Although these parameters
of this statistical independence, and is a standard ndingdjust according to the eld of view, density of mapping and AF
of probability theory Ross, 2014 The M/M/1 equations physiology, this consistent model accuracy suggests the M/M/
thus arise as a representational architecture based on thisncept itself has the property of invariance under scale.
framework. Its consistence concordance with experimentally A key reason the M/ML conceptual paradigm could be
derived data occurs as a consequence of the intrinsic statistiqaite powerful is that it potentially allows challenging problems
independence of PS formation and destruction events thaithin the eld to be reframed in quantitative terms, facilitating
are separated in space and time during the disorganizegasoning about the underlying biology. One such example
disaggregated nature of AF. discussed here is spontaneous termination. The spontaneous

A third factor in understanding the ndings of the current termination of AF is a common clinical occurrence that is
paper is the importance of considering the scale of observatiarurrently incompletely understoodiqeller et al., 2003.in et al.,
In our study, we have shown that the M/i/ representational 2017). A common observation prior to termination has been
architecture can apply at di erent scales of observation, creatélte existence of more organized activity in the pre-termination
by decimation and coarse-graining the observation of AF. Weeriod (Alcaraz and Rieta, 2009 hanigaimani et al., 20)7
have shown that the rate constanits and | 4 are dierent Descriptively, termination has been explained as occurring as a
at each of these scales, but that the equations still apply donsequence of the nal beats of AF occur prior to termination
each experimental system. This nding has particular relevanteing mediated by the drift of wavelets and PS into the non-
to understanding basket catheter data acquired in human, amdnducting atrio-ventricular valves\(lessie et al., 198Kneller
something that has not previously been considered as an isstieal., 200k Here, we nd that a potential explanation for the
before. It is clear based on simulation studies that the undetermination of AF may be di erences in the rate of mixing of
sampling of AF caused by catheter-based sampling of atrihk birth—death M/M/A transition matrix. We nd that the rates
activity in brillation will clearly lead to dierences in the of PS formation and destruction are consistently slower in AF
nature of PS that are detecte®dney et al., 20)7However, episodes that terminate compared to those that are sustained,
the results of the current study may potentially suggest deading to a decreased eigenvalue spectral gap of the birth—
alternative interpretation for catheter-based mapping data. Weeath matrix, and slower rate of mixing toward the stationary
nd that that PS and wavefront data from basket- and griddistribution level. This nding would explain termination as
catheter followed exponential distributions, conformant to theccurring due to the slower rate of return to the quasi-stationary
M/M/ 1 equations at each specic scale of observation. In state. This could potentially allow longer stochastic deviations
sense, then, an analogy to potentially understand basket cathdtem the equilibrium level of PS to occur, providing a longer
and grid data is to consider these as coarse-grained sub-samplivigdow for spontaneous termination to occur.
of the brillatory process. An analogy to understand this could An important point to recognize is that we would consider
be the way buoys spaced many kilometers apart in the sea #re M/M/1 birth death process a model, or quantitative
used to provide information on macro-aggregate phenomenapresentation for the dynamics of AF. Although this model
such as ocean currents, but lack the resolution to distinguistppears stable insofar as it provides accurate representations of PS
very local waves and ripples. Analogously, it is clear thahdwavelet behavior, we suggest that this model could potentially
although aggregate phenomena such PS and waves obsebedonsidered as the starting point for a new way of investigating
at the level of basket, epicardial plaque and grid catheters amed understanding AF. Much in the way that many scienti c
quite dierent to those observed via optical mapping due t@onceptual paradigms have been improved by explaining target
di erences in spatial resolution, it is clear that the M/M/ phenomena outside the frame of reference of particular model
equations may characterize these phenomena in brillatioabstractions, it is likely that deviations from the M/B/ model
with internal consistency at each of these levels. The reaseill provide additional mechanistic and clinical insights, allowing
for this consistency is the statistical independence of PS atite model to be re ned and adapted to particular constraints or
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scenarios beyond those directly examined. Having said this, ndcroarchitectural e ects, or disease substrates, or the e ect
date no such counterexamples have been identi ed. It is possildé potential treatments. It is likely each of the above would
the equations may emerge to be considered as idealized goverrdegsyl to alterations in the M/ML constants as a way of
laws or boundary conditions in AF dynamics. mediating their particular e ects. The universality of the
An interesting issue to consider is why these simple ratd/M/1 constants provides a novel way for the e ects
constants repeatedly arise. At its core, AF can be considemgidthese changes under dierent experimental conditions to
as a form of chaos, with intrinsically disaggregated aridave their overall e ect on brillatory dynamics precisely
turbulent dynamical behavior arising as a consequence of theanti ed. This new conceptual paradigm could potentially
intrinsic non-linearity of the atrial myocardium. This non- allow similarities and di erences between these conditions to
linearity arises because of the inhomogeneity of individude understood much more clearly. Clinically, it is clear the
excitability of atrial myocytes along with the network e ectsM/M/ 1 equations are able to model PS and wavelet formation
of inhomogeneity due to variability of micro-architecture, andvhen measured at the typical electrode densities and elds of
substrate brosis. This functional and structural inhomogeneityiew during catheter level observation. This would enable the
can be considered as the fundamental substrate for disorganizaine approach to be applied to compare AF from di erent
behavior. The key reason the M/NI/ pattern repeatedly patient populations, or patients with di erent burdens of disease,
emerges may be due to the intrinsically turbulent angbrovided mapping is consistent. The association of these rate
aperiodic nature of electrical wave propagation that is theonstants with the spontaneous termination of AF would
de ning feature of AF. suggest that measurement in clinical settings could provide
insight into the likely persistence of AF. This may provide
new ways to classify AF patients beyond the binary paroxysmal
How the M/M/ 1 Approach Relates to and persistent paradigm. It is likely that although the rate
Contemporary Theories of AF Dynamics constants were temporally stable over the periods of experimental
Our ndings may contribute to the understanding of the observation, that changes could occur in longer term follow-
multiple wavelet and rotor theories. The multiple waveletip. Longitudinal assessment could potentially provide new
theory postulates that AF self-sustains by a random procgsisysiological approaches to AF classi cation. In clinical ablation,
of wavelets moving around the atrium\Vipe and Abildskov, real-time measurement of the rate constants could potentially
1959. Although the average number of wavelets observed be combined with existing or novel ablation strategies to
the atrium has been described experimentally in a number determine treatment e ect. If rate slowing is observed, it
studies Qllessie et al., 1989 ee et al.,, 20)5 a quantitative could imply that the e ect of a particular ablation strategy
explanation for this number has previously not been providednay be having impact on overall dynamics. An additional
The M/M/1 process provides a novel explanation for thisntriguing possibility is combining local measurement of these
observed average number as arising as the quasi-stationaaie constants with strategies for detection of potential drivers,
state arising as a consequence of the interplay betwegotentially providing a means of localization of key regions
wavelet formation and destruction rates. Importantly, thesustaining AF within the atrium.
M/M/ 1 representation of AF would dier from classical
descriptions of the multiple wavelet theory by suggestingimitations and Future Directions
that this quasi-stationary steady state is a predictable ard this study primarily investigates PS and wavelet dynamics in
stable phenomenon. AF, the role of other potentially important adjunctive theories
The M/M/1 birth—death process model also makes auch as endo-epicardial dissociation and focal discharges could
potentially important contribution to the rotor theory. According not be addressed with the experimental data available to us. Our
to this theory, AF is sustained by rapid local re-entranstudy is based upon the notion of phase transformation, and
drivers, with new wavebreaks forming PS at locations efe acknowledge that while this is a widely utilized approach,
anatomical and functional conduction blocKdlife et al., 2002 it is not the only approach to understand AF dynamics,
The ndings add to understanding of the rotor theory byand that some have investigators have identied that phase
developing a quantitative model to understand PS regeneratigingularity identi cation may be unable to distinguish scenarios
It makes the observation that PS dynamics are de nedf conduction block and rotational activatio®@dziemski et al.,
by statistically de nable processes. The MM/ birth—death 201§. We further acknowledge that not all researchers in the
conceptualization of AF thus potentially provides a bridgeeld agree with the notion of phase transformation and the
between the conventional characterization of the rotor anstudy of phase singularity dynamics in APddziemski et al.,
multiple wavelet theories of AF. 2019. We also note that in the electrogram-based component
The study ndings may have important mechanistic andf the current study that sinusoidal recomposition was used
clinical implications. Mechanistically, the M/NI/ birth—death for phase reconstruction, and recognize that other approaches
process provides compact governing equations to summarigech as linear interpolation of phase between activation times
and predict the PS and wavelet population dynamics, providirig the unipolar electrogram have been suggested as important
a novel conceptual framework to understand the underlyinglternative approaches to phase recompositivagmering et al.,
mechanisms sustaining AF. This could be used to understa@d2(. Although this approach was not utilized in this current
the eects of dierent AF disease pathophysiology, locahvestigation, we would anticipate it could also potentially lead
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to PS dynamics that could be modeled with an M/M/in nity DATA AVAILABILITY STATEMENT
process, as we found that M/M/in nity approaches were
e ective in the optically mapped and simulated AF data wher&he raw data supporting the conclusions of this article will be
transmembrane voltage was able to be directly ascertainetade available by the authors, without undue reservation.
Furthermore, as this study did not di erentiate between wavelets
attached to rotors versus free wavelets, the relative contributions
of both events were not quanti ed. ETHICS STATEMENT

However, applying the framework presented to such scenarios
may be an important area for future work to provide neWThe studies involving human participants were reviewed and
insights into the AF mechanism. An important consideratior@PProved by Southern Adelaide Local Health Network Human
in applying the ndings of the current study is that we makeResearch Ethics Committee. The patients/participants provided
no claim that this approach is superior to other approacheeir written informed consent to participate in this study. The
or conceptual theories of AF, only that this approach maghimal study was reviewed and approved by South Australian
potentially provide a quantitative framework to quantify theHealth and Medical Research Animal Ethics Committee.
dynamics of various pattern phenomena (PS, wavefronts), that
are observed during AF.

Future studies are required to address the relationship betweB THOR CONTRIBUTIONS
M/M/1 equations and dierent clinical substrates of AF. ) ) i
Features that could be examined include the relationship betweB? c_:ontrlbuted to the f_;malyS|s and_ manuscript  draft. _EJ
these equations and variant ablation strategies, pulmonary véntriouted to the analysis. MA contributed to the modeling
behavior, voltage characterization in the atrium, as well as spal"i’md 9d|tor|al input. AL CO“t“b%“ed to the dgta collection. JQ
characterization of the rate constants throughout the humafiPntributed to the data collection. KT contributed to the data
atrium (Quah et al., 2020 This will be important to determine collection and editorial input. PK, CM, and SW contributed to
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CONCLUSION the article and approved the submitted version.

M/M/ 1 birth—death processes provide a novel quantitative
representational framework to conceptualize and understard yNDING
PS and wavelet population dynamics in AF. This conceptual

paradigm has been shown to apply in all forms of AF studiecihis work was supported by the National Health and Medical
at a variety of dierent scales and densities of mappingResearch Council of Australia Project Grant (1063754) and
providing opportunities for clinical application. Finally, the National Heart Foundation of Australia (101188).

spectral properties of the birth—death matrix potentially identify

a new way to understand the process of AF termination,

suggesting termination of AF may occur due to dierenceSUPPLEMENTARY MATERIAL

in the mixing rate of the M/MA birth-death matrix.

M/M/ 1 birth—death processes may thus potentially provide &he Supplementary Material for this article can be found
powerful representational architecture to gain insight into thenline at: https://www.frontiersin.org/articles/10.3389/fphys.
pathobiology of AF. 2020.616866/full#supplementary-material
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