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BACKGROUND: The mechanisms sustaining myocardial fibrillation remain disputed, partly due to a lack of mapping tools that
can accurately identify the mechanism with low spatial resolution clinical recordings. Granger causality (GC) analysis, an
econometric tool for quantifying causal relationships between complex time-series, was developed as a novel fibrillation
mapping tool and adapted to low spatial resolution sequentially acquired data.

METHODS: Ventricular fibrillation (VF) optical mapping was performed in Langendorff-perfused Sprague-Dawley rat
hearts (n=18), where novel algorithms were developed using GC-based analysis to (1) quantify causal dependence of
neighboring signals and plot GC vectors, (2) quantify global organization with the causality pairing index, a measure of
neighboring causal signal pairs, and (3) localize rotational drivers (RDs) by quantifying the circular interdependence of
neighboring signals with the circular interdependence value. GC-based mapping tools were optimized for low spatial
resolution from downsampled optical mapping data, validated against high-resolution phase analysis and further
tested in previous VF optical mapping recordings of coronary perfused donor heart left ventricular wedge preparations
(n=12), and adapted for sequentially acquired intracardiac electrograms during human persistent atrial fibrillation
mapping (n=16).

RESULTS: Global VF organization quantified by causality pairing index showed a negative correlation at progressively lower
resolutions (50% resolution: P=0.006, R>=0.38, 12.5% resolution, P=0.004, R’=0.41) with a phase analysis derived measure
of disorganization, locations occupied by phase singularities. In organized VF with high causality pairing index values, GC
vector mapping characterized dominant propagating patterns and localized stable RDs, with the circular interdependence
value showing a significant difference in driver versus nondriver regions (0.91£0.05 versus 0.35+0.06, A=0.0002). These
findings were further confirmed in human VF. In persistent atrial fibrillation, a positive correlation was found between the
causality pairing index and presence of stable RDs (P=0.0005,R2=0.56). Fifty percent of patients had RDs, with a low
incidence of 0.91£0.3 RDs per patient.

CONCLUSIONS: GC-based fibrillation analysis can measure global fibrillation organization, characterize dominant propagating
patterns, and map RDs using low spatial resolution sequentially acquired data.

VISUAL OVERVIEW A visual overview is available for this article.
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WHAT IS KNOWN?

* Preclinical studies have implicated multiple com-
peting mechanisms for sustaining myocardial
fibrillation.

* Clinical translation to guide treatment in patients
with atrial fibrillation and ventricular fibrillation sur-
vivors remains challenging due to the poor spatial
resolution of clinical mapping systems and a lack of
suitable analysis tools.

WHAT THIS STUDY ADDS?

* Granger causality analysis, originally an economet-
ric tool for quantifying causal relationships between
complex time-series, was developed in rat ventricu-
lar fibrillation and validated in human ventricular
fibrillation and atrial fibrillation as a novel fibrillation
mapping tool.

* Granger causality—based fibrillation analysis can
measure global fibrillation organization, characterize
dominant propagating patterns, and map rotational
drivers using low spatial resolution sequentially
acquired data.

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation

CIlv circular interdependence value

CPI causality pairing index

FDI frequency dominance index

GC Granger causality

Lps locations occupied by phase
singularities

Lr locations occupied by a rotational driver

Lv left ventricle

Nr number of rotations

PS phase singularity

RD rotational driver

Sh_ Shannon entropy

VF ventricular fibrillation

fibrillation remain unclear, and there is a lack of

consensus on a unifying mechanism. The anarchi-
cal hypothesis of multiple self-perpetuating wavelets
and the opposing hierarchal hypothesis of organized
spiral wave reentry, referred to as rotors or rotational
drivers (RDs), organized around a nonanatomic unex-
cited core termed a phase singularity (PS) point, con-
tinue to be debated as the mechanism sustaining
fibrillation. Although evidence exists from high spatio-
temporal resolution optical mapping studies to support
these conflicting mechanisms,'™* clinical translation to
guide treatment remains challenging due to the poor

The underlying mechanisms sustaining myocardial
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spatiotemporal resolution of clinical mapping systems
and a lack of suitable analysis tools. Thus, outcomes
from catheter ablation remain poor, especially in persis-
tent atrial fibrillation (AF), where recurrence remains as
high as 40% to 50%.°

Multiple prominent investigators have proposed that
ablation of sites localizing RDs can terminate AF® and
prevent ventricular fibrillation (VF) reoccurrence in sur-
vivors of sudden cardiac death.” Others have found no
evidence for their existence in fibrillation mapping stud-
ies during cardiac surgery with high-resolution electrode
arrays® and proposed complex asynchronous endocar-
dial-epicardial disassociation of fibrillatory conduction as
a further mechanism.

A challenge in mapping fibrillatory mechanism is its
dynamic nature. There is beat-to-beat variability in peri-
odicity and amplitude of signals, and global wavefront
propagation is nonuniform and temporally variable. RDs
often demonstrate meandering and transient trajecto-
ries.? Conventional mapping techniques, such as activa-
tion mapping, which require annotation of a reference
signal’® and stable linear propagation, are poorly suited.
To overcome this issue, phase analysis is frequently used
in fibrillation mapping instead. Phase analysis assigns a
phase value between @ and —w to the activation-recov-
ery cycles of a given myocardial area."" Tracking these
changes in phase allow for annotation of propagating
wavefronts and localization of PSs as areas devoid of
a definitive phase. Accurate phase analysis, however,
requires both global panoramic mapping and adequate
spatial resolution,’? which is currently not possible with
clinically available tools.

We previously demonstrated that RD localization from
phase analysis of intracardiac electrograms acquired
by multipolar catheters, including the 64-electrode
basket catheters, is inaccurate as it lacks sufficient
resolution, requires significant interpolation, stitching
of sequentially acquired data and is prone to genera-
tion of a high number of false-positive RDs.'® Other
research groups have also highlighted the limitations of
phase analysis with low spatial resolution’ and demon-
strated an increase in false-positive RD detection rate
with increasing interelectrode distance and noise.” In
addition, basket catheters can provide incomplete sur-
face coverage and are susceptible to poor contact.’
Alternatively, global cardiac mapping noninvasively is
possible from the body surface using a multielectrode
electrocardiographic imaging vest. Electrocardiographic
imaging uses inverse solution algorithms for interpolat-
ing intracardiac electrograms. Although there are some
limitations with electrocardiographic imaging, such
as correlation between surface and contact electro-
grams'” and noise artifact, it does provide higher reso-
lution mapping and has shown potential in a number of
early studies where it has been utilized to map AFR'® VF/
and ventricular tachycardia'® mechanisms.
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Here, we propose that Granger causality (GC) analy-
sis, originally an econometric tool designed to determine
causal relationships between complex time-series data,?°
can be repurposed as a novel tool to analyze fibrillation.
Given GC analysis depends only on neighboring causal
relationships, we postulated that it could overcome the
limitation of spatial resolution and sequentially acquired
limited coverage data in fibrillation. We generated a range
of fibrillation mechanisms in a rat VF model by modulating
gap junction coupling and fibrosis, two factors implicated
in cardiac remodeling. We hypothesized that GC-based
analysis can be used to (1) analyze temporal depen-
dence of fibrillatory signals in neighboring regions and
determine the dominant propagating pattern, (2) quantify
the global organization and general mechanism of fibril-
lation, and (3) map stable RDs at low spatial resolution
with limited coverage. Initially developed and validated
against high-resolution phase analysis in a rat VF model,
these novel GC-based analysis tools were further tested
in previous VF optical mapping recordings of coronary
perfused donor heart left ventricular (LV) wedge prepara-
tions and finally adapted to analyze multielectrode cath-
eter recordings of persistent AF patients.

METHODS

The data, analytic methods, and study materials are available
from the corresponding author to other researchers for the pur-
poses of reproducing the results or replicating the procedure
upon reasonable request. Methods are described briefly here.
For full details, please see the Data Supplement.

Ethical Approval

The animal work was performed in accordance with standards
set out in the United Kingdom Animals (Scientific Procedures)
Act 1986 and was approved by Imperial College London Ethical
Review Board under the project license PEE7C76CD and
PCABEE9GY. For the clinical component of the study, patients
with symptomatic persistent AF presenting for their first abla-
tion to Imperial College Healthcare National Health Service
Trust were prospectively enrolled. The study was approved
by the Local Research and Ethics Committee, and written
informed consent was obtained from all patients. Experiments
using human heart tissue were previously approved by the
Institutional Review Board (Office of Human Research) at the
George Washington University.?'

Experimental Protocols

Eighteen Sprague-Dawley rats (260-300 g) were humanely
killed, and the hearts were explanted, heparinized, and rap-
idly perfused ex vivo on a Langendorff apparatus with Krebs-
Henseleit solution and stabilized for a 15-minute period before
ex vivo optical mapping studies of transmembrane potential. To
create a range of VF activity, in group 1, 8 of the hearts were
acutely perfused with a gap junction uncoupler, carbenoxo-
lone (0-50 pM), which in our previous experiments produced
progressively disorganized VF at increasing doses. In group
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2, the other 10 hearts had chronic patchy ventricular fibrosis
which had been induced with ischemia-reperfusion cardiac
surgery 4 weeks before the experiment (Figure | in the Data
Supplement). No drugs were added to the perfusate, and in our
previous experiments, patchy fibrosis was found to sustain a
more organized form of VF. Programmed electrical stimulation
using a burst pacing protocol with the aid of Pinacidil 30 uM
was used to induce and sustain V.

Optical Mapping

Explanted hearts underwent optical mapping of the epicardial
surface of the LV anterior wall after VF induction. The trans-
membrane voltage was recorded from optical mapping fluores-
cence data using our custom made complementary metal-oxide
semiconductor camera (Cairn Research, Faversham UK)
utilizing the potentiometric dye RH237 (25 pL of 1 mg/mL
dimethyl sulfoxide; Thermo-Fisher, MA) and excitation-contrac-
tion uncoupler blebbistatin (10 umol/L; Tocris Bio-Sciences,
Cambridge, United Kingdom) in 160x128 pixel resolution for
a 10-second duration. All our methods for filtering and ana-
lyzing optical mapping fluorescence data have been previously
described in detail. 222

Organizational Analysis

The processed optical mapping data were firstly analyzed to
quantify the degree of global organization with 2 novel inde-
pendent methods: causality pairing index (CPI) derived from
global GC analysis and frequency dominance index (FDI)
derived from the dominant frequency analysis. These indices
are described below in detail.

GC Analysis

GC analysis is an econometric methodology for quantifying the
causal dependence between two or more complex time-series
using a linear autoregressive model.2*2* GC is a concept based
on statistical prediction, whereby GC analysis statistically tests
if a given time-series signal A causes time-series signal B, by
analyzing information contained in past values of time-series
A and determining if the information contained in signal A can
predict signal B, beyond predictions from past values of signal
B alone. In this work, we developed novel GC-based tools for
fibrillation analysis and adapted them for low spatial resolution
and limited coverage sequential mapping from optical fluores-
cence data of transmembrane potentials in a perfused rat VF
model. GC analysis was used to measure the strength of the
causal relationship between signals in neighboring regions and
to quantify whether the fibrillation signal in one region over time
could predict signals in another. GC vector mapping (described
below) was performed based on quantified strengths of these
relationships to determine the dominant propagating patterns.

Causality Pairing Index

CPI calculates global organization of fibrillation from GC analy-
sis, as described above. In this study, the temporal dependence
structure between signals from different pixels was calculated
by fitting a vector autoregression model to a multivariate signal.
Thereafter, the CPI was measured by quantifying the percent-
age of possible pixel pairings between which there are propa-
gational effects on a normalized scale of O to 1, where O is
defined as no possible pairing having causal dependency and 1

March 2020 260



Handa et al Granger Causality—Based Fibrillation Analysis
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Figure 1. Novel tools for measuring organization and localizing areas with rotational drivers (RDs).

A, An example simplified 3x3 pixel grid with corresponding optical mapping signals below showing Granger causality (GC) vectors between
signals with the strongest temporal dependence. B, Causality pairing index for data in (A) showing 4 pixel pairs with causal temporal
dependence of propagation (corresponding to the GC vectors, shaded in color). Causality pairing index (CPI) was defined as the pixel pairs
with causal dependence divided by all possible pixel pairings (excluding self-pairs, shaded in gray) in a data set. C, An example dominant
frequency map showing all the dominant frequencies driving fibrillation in the left ventricular (LV) anterior wall. The histogram below plots these
frequencies. The frequency dominance index (FDI) is defined as the proportion of area occupied by the largest organized dominant frequency
area in the global fibrillatory spectrum divided by the total area of all regions with a defined dominant frequency (black arrow). D, Circulatory
interdependence value (CIV) for 3 examples. For each GC vector (dark blue), a cross-product virtual 3-dimensional (3D) vector was generated
(green arrow) relative to vector to the center (dashed black line). The resulting virtual 3D vector was binarized as pointing up or down as shown
in example for vector a and vector b. CIV was calculated on a scale of 0 to 1 by subtracting the number of vectors pointing down from no of
vectors pointing up divided by total number of vectors. The 3 examples above demonstrate expected values for example 1: stable RD, example
2: random propagation, example 3: linearly propagating wavefront. With this method areas of rotational activity will give a CIV value closer to 1.
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where all possible pairings have causal dependency (Figure 1A
and 1B). The more pixel pairings that have a propagational
effect between them above a specified threshold, the greater
the level of global organization in fibrillation.

Frequency Dominance Index

The FDI calculates the total level of global organization by ana-
lyzing all the dominant frequencies from all the signals within
a fibrillating ventricle. The FDI is defined as the proportion of
area occupied by the largest organized dominant frequency
area in the global fibrillatory spectrum relative to the total area
of all regions with a defined dominant frequency (Figure 1C).
The methodology for calculating dominant frequency has been
previously described in detail.”®

Downsampling Spatial Resolution

After quantifying the level of global organization in the VF data
with CPI and FDI, we tested whether these indices were reli-
able and adaptable to lower spatial resolutions. CPI and FDI
were benchmarked at decreasing spatial resolution (with data
downsampling) against 2 measures of global fibrillatory organi-
zation, locations occupied by phase singularities (Ips) and num-
ber of rotations (n,)/locations occupied by a rotational driver (|),
generated from full spatial resolution phase processed data.

Phase Mapping

Rat VF phase processed analysis from full spatial resolution
optical mapping was used for fully characterizing the underly-
ing mechanism of fibrillation and for benchmarking our novel
GC-based tools. Our methods for phase analysis and tracking
of RDs have previously been described in detail.?®?¢ A phase
map of VF at each sampled time point was constructed and
PS tagged using our algorithm. The edge of each wavefront
was tracked in a 9x9 pixel window and maximum number of
rotations (max [n]) calculated. A minimum 2-rotation filter was
used to threshold and define a significant RD and to construct
RD heat maps from full spatial resolution data for validating our
methodology for fibrillation analysis.

Phase Characterization of Organization and Stability

From phase processed fibrillatory data, rotational activity was
quantified by our metrics of organization and stability (n /I_and
Ips) and compared with CPI, FDI, and a more widely used analy-
sis feature in fibrillation literature, Shannon entropy (Shen).”
PS with <2 rotations were labeled nonsignificant PSs, and the
number of locations (pixels) they occupied (I ) acted as a mea-
sure of global disorganization, spatial meander, and instability,
whereby a large number of short-lived meandering PSs would
generate the highest value by this metric. PSs with >2 rota-
tions were labeled significant RDs, the number of rotations they
exhibited (n) and the number of locations (pixels) they occu-
pied (1) over a fibrillatory recording were tracked; thus n, divided
by | acted as a measure of stability and global organization,
whereby RDs with high number of rotations localizing to a small
area would generate the highest values of this metric. These
objective measures of fibrillation organization (n /I, and | ) cal-
culated from high-resolution phase analysis were correlated
with our novel low-resolution measures of fibrillation organiza-
tion (CPI and FDI). In addition, we correlated a conventional
fibrillation analysis tool, Sh_,%*%" with CPl and FDL.
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GC Vector Maps

GC vector mapping was tested as a low spatial resolution tool
adapted specifically for limited spatial coverage to determine
dominant propagation and localize RDs independent of phase
analysis. In this work, GC vector maps were generated from an
8x8 data grid at 25% of the full spatial resolution optical fluo-
rescence data, whereby 3 pixels were discarded between each
data point. Within this 8x8 data grid, an algorithm determined
firstly if there were any signals with temporal causal depen-
dence, thereafter it quantified the strength of the temporal
causal dependence between these signals. A vector was then
plotted only between the source signal and the signal where
it exerted the greatest causal or propagational effect above a
specified threshold (Figure 1A). GC vector maps were bench-
marked against full-resolution phase processed data to deter-
mine ability to characterize fibrillation mechanism.

A circular interdependence value (CIV) is proposed to quan-
tify the circular interdependence of signals in the local 8x8 GC
data grid and identify the location of RDs. For each GC vector,
we calculated the cross-product relative to the center of the
grid using the right-hand rule (Figure 1D). The resultant cross-
product vector was binarized as either pointing up or down in
a virtual 3-dimensional (3D) space. Using this principle, 3 pos-
sibilities exist: (1) an organized continuous circular one-direc-
tional rotation of GC vectors over time would generate all virtual
cross-product 3D vectors in the same direction (either up or
down; 2) GC vectors with a disorganized arrangement would
generate cross-product 3D vectors in both directions (up and
down) dependent on degree of disorganization; (3) GC vector
all in one direction, for instance, a propagating linear wavefront,
would also generate cross-product 3D vectors in both direc-
tion. Thus by applying the equation below to these 3D vectors
outputs the CIV can be calculated.

oV 4 No. of vector pointing T (up)— No. of vecz‘orspo/m‘/ng,/~L(d0wn)|
Total number of vectors

CIV is quantified on a normalized scale of O to 1, whereby a

stable RD present throughout the recording would generate a

value of 1, and disorganized or propagating wavefronts in one

direction will generate a value closer to O.

Ex Vivo Human VF Mapping

Our GC-based analysis tools were tested on human VF opti-
cal mapping data that was previously acquired as part of a
separate study by Aras et al?' and the methodology was
reported in detail. Briefly, we tested our GC-based analysis
tools on 33 VF recordings from 12 representative deidenti-
fied human donor hearts. These recordings were 4-second in
duration and taken from coronary perfused LV wedge prepara-
tions that had VF induced with 25 pM pinacidil pretreatment.
The mean LV wedge dimensions were 7 cmx3.5 cmx1.8 cm
(heightxwidthxthickness).

Clinical In Vivo AF Mapping

In 16 patients presenting with symptomatic persistent AF for
a first ablation procedure, electrograms were acquired using
a 20-pole double-loop catheter (InquiryTM AFocusll; St Jude
Medical, MN) with 4 mm electrode spacing. The term kernel
defined an area or location of atrial myocardium mapped that
is subtended by the AFocusll mapping catheter. The data was
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imported from Ensite Velocity into MATLAB R2018 (MathWorks,
MA) using a custom made script. Twenty seconds of bipolar
electrogram data were processed with bandpass (40-250 Hz)
and low-pass filtering (with a cut off <25 Hz) and followed by
signal rectification. The entire recording was used for organiza-
tional analysis with CPI. GC vectors were plotted for each kernel
and the CIV calculate to localize RDs. CIV threshold for local-
izing RDs was established as 0.61 by plotting rat VF data on a
receiver operating characteristic curve. To allow for meandering
of RDs temporally, 8-second windows with overlapping window-
shifts of 1-second was applied to segment the electrogram data.

Statistical Analysis

All statistical analysis was performed using a statistics software
package (Prism version b; Graphpad Software, CA) or MATLAB.
After normality testing, Student t tests were used to compare
means between 2 groups. For each optical mapping recording,
objective measures derived from optical mapping analysis were
calculated, together with FDI, CPI, and Sh_. Linear regression
models were fitted to FDI, CPI, or Sh_ as explanatory variables
and | _orn/l as response variables, and F test was applied for
the linear models. R-squared measures were applied to test the
strength of the relationship between the model and the depen-
dent variable. A/<0.05 was regarded as significant. Results are
expressed as mean+SEM.

RESULTS

Fibrillation Organization Quantified by the FDI
and CPI

Rat VF optical fluorescence data were recorded in hearts
with underlying chronic fibrosis, or acute GJ uncoupling
with carbenoxolone. In previous experiments, with high-
resolution phase processed data, a spectrum of fibrilla-
tory mechanisms was found in these hearts, ranging from
fibrillation driven by organized RDs to completely chaotic
activity. At decreasing spatial resolutions, | , a measure
of global disorganization correlated negatively with both
CPI (50% resolution: F[1,16]=9.9, P=0.006, R*=0.38,
26% resolution: F[1,16]=11.7, P=0.004, R*=0.42 and
12.5% resolution F[1,16]=11.0, P=0.004, R*=0.41) and
FDI (50% resolution: F[1,16]=10.4, P=0.005, R*=0.39,
25% resolution: F[1,16]=10.4, P=0.005, R=0.39 and
12.5% resolution F[1,16]=9.8, A=0.006, R*=0.38; Fig-
ure 2A and 2B). Disorganized fibrillation with a high num-
ber of meandering nonsignificant PSs had low FDI and
CPI values. Conversely, n /I a measure of global fibrilla-
tory organization that tracks presence of spatiotempo-
rally stable RD from full-resolution phase processed data,
correlated positively with CPIl and FDI at decreasing res-
olution (Figure IIA and IIB in the Data Supplement). Sh_
values, more conventionally utilized in fibrillation analysis,
showed no statistically significant correlation with 1, or
n/l (Figure 2C, Figure IIC in the Data Supplement).
After determining the applicability of our novel orga-
nizational indices to low-resolution data, we selected

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

Granger Causality—Based Fibrillation Analysis

representative hearts along the organizational spectrum,
to delineate whether the fibrillatory mechanism charac-
terized by full-resolution phase analysis correlated with
the level of global organization as determined with CPI
and FDI with low spatial resolution data. Hearts with
the highest FDI had the most spatiotemporally stable
RDs (Figure 3A and 3B), with high numbers of rotations
and much fewer short-lived PSs in comparison to hearts
with a lower FDI (Figure 3C). The RD heat map showed
well-localized discrete areas harboring the organized
RD in hearts with a high FDI, whereas hearts with a
low to intermediate FDI values did not show such areas
(Figure 3A).

GC Mapping to Localize Driver Regions

After establishing that high global organization in fibrilla-
tion, as measured by CPI and FDI, correlated positively
with the existence of localized, stable RDs, we tested
whether GC vector mapping could identify causally
dependent neighboring regions to localize areas har-
boring RDs at low spatial resolutions independent of
phase analysis. In a representative heart with high global
fibrillatory organization, optical fluorescence data was
downsampled to 25% of full spatial resolution for GC
vector mapping. GC vector mapping identified a number
of regions with causal dependence and localized an area
harboring a spatiotemporally stable RD with a circular
interdependence of GC vectors, as shown in Figure 4A
and 4B. Optical fluorescence of the transmembrane
potentials along this region showed repetitive sequential
activation over time (Figure 4C). At 12.5% of the full spa-
tial resolution, RD regions could no longer be localized
accurately with GC mapping (results not enclosed).

We further validated RD localization with GC vector
mapping performed at 25% spatial resolution against
full spatial resolution phase analysis in a further 3 hearts
classified as organized from high FDI and CPI measures.
Figure b shows GC vector mapping from these hearts,
where regions with circular interdependence of signals
had high CIV values (1, 0.82, 0.9), and these regions
highly correlated with regions localizing stable RDs on
full-resolution phase analysis. However, in nondriver
regions where CIV values were low, GC vectors had a
random or noncircular distribution, such as heart B area
2 (CIV=0.35). Areas with meandering RDs with less
stability showed intermediate organization and an inter-
mediate CIV value, such as heart A area 2 (CIV=0.55,
Figure BA). In regions harboring stable RDs, the CIV was
2.6-fold higher than regions without RD (0.91£0.05 ver-
sus 0.35%0.06, P=0.0002, n=3, Figure 5B).

GC-Based Analysis of Human VF

We further tested and validated our low spatial reso-
lution adapted GC-based tools in optical mapping of
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Figure 2. The causality pairing index (CPI) and frequency dominance index (FDI) can characterize the global organization of

fibrillation at low spatial resolution.

Graphs showing negative correlation between a measure of disorganization and instability, the number of locations occupied by nonsignificant
short-lived phase singularities (PSs; locations occupied by PSs [l 1) and CPI (A) and | and FDI (B), and no correlation between | _and
Shannon entropy (Sh_; C), at decreasing resolutions of 50% (left), 25% (middle), and 12.5% (right) of full spatial resolution from optical
mapping of rat ventricular fibrillation. Nonsignificant PSs were defined as PSs with <2 rotations, and rotational drivers were defined as >2
rotations. Linear regression analysis, F test, coefficients of determination—R? and P values are indicated, n=18.

human VF in LV wedge preparations to test applica-
bility to a larger spatial scale and benchmarked these
tools against full-resolution phase analysis. As with rat
VF, a spectrum of VF mechanisms were found, ranging
from fibrillation driven by organized RDs to completely
chaotic activity. At decreasing spatial resolutions, Ips
correlated negatively with CPI as before; 50% spatial
resolution: F(1,10)=24.4, R<0.0001, R2=0.42 and 25%
spatial resolution: F(1,10)=21.3, P=0.0001, R*=0.38

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

(Figure BA). As before, the optical fluorescence data
was downsampled to 25% of full spatial resolution for
GC vector mapping. Figure 6B shows 2 representative
hearts with low and high global organization, respec-
tively. In a representative heart with a high global fibril-
latory organization, as quantified by CPI, GC vector
mapping identified a regions with high CIV, harboring a
stable RD and this correlated with the same region iden-
tified by phase analysis on the RD heatmap. Similarly, in
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Figure 3. Quantifying global organization in fibrillation infers the likely underlying mechanism.

Representative data sets of rat ventricular fibrillation selected from organizational analysis categorization of fibrillation as low (left), intermediate
(middle), and organized (right) from Figure 2. A, Rotational driver (RD) heat map showing incidence of significant RDs (>2 rotations). B, The
respective global dominant frequency histogram with frequency dominance index (FDI) value and (C) graphs showing characterization of RD for
each data set, Ips—number of locations/pixels occupied by nonsignificant phase singularity [PS] with <2rotation, | -number of locations occupied
by significant RDs with >2 rotations, max [n]-maximum rotations for a single significant RDs. LV indicates left ventricular.

a representative heart with low global fibrillatory organi-
zation, as quantified by CPI, GC vector mapping showed
random vector distribution with low CIV values, and this
correlated with multiple wavelet—driven fibrillation on
phase analysis with no stable RDs.

GC Vector Mapping of Intracardiac
Electrograms From AF Mapping

After developing and validating these novel GC-based
tools for use with low-resolution data from optical map-
ping of transmembrane voltage, we adapted our meth-
odology to process intracardiac electrograms in human
persistent AF acquired sequentially using a 20-pole

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

AFocusll mapping catheter. We measured global fibril-
latory organization and localized RDs in persistent AF
with our novel indices. Processing electrograms for GC
analysis requires different considerations for signal
processing than optical fluorescence data. First, a 3D
spatial map was constructed from spatial correlates of
the electrodes and corresponding bipoles. Each sig-
nal underwent high and low bandpass filtering before
been rectified and downsampled. Causal dependence
between bipoles was established from rectified downs-
ampled data (Figure 7A). Figure 7B demonstrates
validation of this methodology with paced data with a
wavefront emerging from near electrode 1, 2 and prop-
agating towards 7, 8. If causal dependence between
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Granger causality vector mapping in VF
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Figure 4. Granger causality (GC) mapping can be used for analyzing fibrillation data.

An example GC vector map of an organized rat ventricular fibrillation (VF) heart showing neighboring regions with causal interdependence
(A) and zoomed localization of a driver region showing a signature continuous circular interdependence of neighboring GC vectors (B), with
correlating optical mapping signals from the driver region showing repetitive sequential activation (C). Data analyzed at 25% of full spatial
resolution, correlating rotational driver heat map in Figure 5—heart C. LV indicates left ventricular.

bipoles was present, it was shown with GC vectors (red
arrows). The CIV of 0.11 for this representative paced
data as expected is low.

GC Vector Mapping Quantifies Global AF
Organization and Identifies Areas Harboring
RDs

The electrogram recordings during AF mapping were pro-
cessed and causality maps plotted from 20 seconds of
recording. The threshold value for an RD-positive site was
determined from a receiver operating characteristic curve
(Figure Ill in the Data Supplement). Figure 8A demon-
strates a recording that was positive for an RD, where a cir-
cular interdependence of GC vectors can be seen between
bipoles. The corresponding CIV value shows a small degree
of fluctuation over time, suggesting low meander and

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

remains above the threshold value for an RD. The electro-
grams demonstrate sequential activation between elec-
trodes with causal dependence and rotational configuration
over time (Figure 8B and 8C). On the contrary, in sites test-
ing negative for RDs, (Figure 8A-8C) few electrodes dem-
onstrate causal dependence, and the vectors are randomly
arranged. The CIV remains low and below the threshold
for an RD throughout the recording period, and the corre-
sponding electrograms demonstrate chaotic activity with no
discernible underlying patterns of activation.

To take into account the transient and meandering
nature of RDs, the electrogram recordings were seg-
mented in 8-second overlapping windows in addition
to analysis of the entire 20-second segment to detect
RD-positive sites and time windows The term kernel
describes a recording set from an area subtended by a
multipolar catheter. In the 16 patients with persistent AF,
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Figure 5. Granger causality (GC) vector mapping can reliably localize and differentiate between areas harboring rotational
drivers (RDs) and areas without RDs in ventricular fibrillation (VF).

A, RD heat maps constructed from 3 organized rat VF data sets; heart A, B, and C (left) and the correlating limited coverage GC vector maps
showing driver regions with continuous circular interdependence of GC vectors with 1-directional flow of GC vectors (blue) and nondriver
regions showing no circular interdependence of GC vectors. Correlating circular interdependence value (CIV) values between O (minimum)

and maximum (1) for each respective region listed below. Data analyzed at 25% of full spatial resolution. B, A graph showing CIV value of driver
regions vs nondriver regions with sample GC maps (left, heart C). t test, n=3, P=0.0002. LV indicates left ventricular.

on average, 14.811.5 kernels and 349.7+36.6 overlap-
ping 8-second windows of recording were taken from
each patient. Using GC vector based identification of
RDs, 50% of patients were found to have one or more
RDs. Overall, persistent AF was found to be a largely dis-
organized rhythm, with a low incidence of stable RDs,
with only 0.9£0.3 kernels and 1.8+0.7 8-second win-
dows showing an RD per patient (Figure 8D). As seen
in the ex vivo experiments above, the data demonstrate
a spectrum of organization underlying persistent AF as
quantified by the CPI analysis. We found a positive cor-
relation between the CPI values and presence of RDs

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

(F[1,14]=20.3, P=0.0005, R? 0.56, Figure 8E). In patients
with low CPI fibrillation, the underlying mechanism was
chaotic activity with no RDs, whereas in patients with
higher CPI values, there was a higher number of RDs.

DISCUSSION

In this study, we developed novel GC-based tools for
fibrillation analysis adapted for use with low spatial
resolution data acquired with limited coverage sequen-
tial mapping, independent of conventionally used phase
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Figure 6. Granger causality (GC)-based analysis of human ventricular fibrillation (VF) quantifies global fibrillatory organization

and maps underlying mechanism.

A, Graphs showing negative correlation between locations occupied by phase singularities and causality pairing index (CPI) at decreasing spatial
resolution. B, Full spatial resolution rotational driver (RD) heat maps in VF of left ventricular (LV) wedge epicardial recordings with corresponding
GC vector maps at 25% spatial resolution from 2 representative hearts above (heart A and Heart B). Linear regression analysis, F test, coefficients
of determination—R? and P values are indicated, data from 33 VF recordings, n=12. CIV indicates circular interdependence value.

analysis. We demonstrated that neighboring regions in
fibrillation demonstrate causal dependence and that
quantifying these causal relationships can determine
global fibrillatory organization using our novel indices

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

such as CPl. We showed that high global fibrillatory
organization, as measured with our novel indices CPI
and FDI, positively correlated with existence of stable
RDs. By interrogating causal relationships between
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Figure 7. Granger causality (GC) vector maps generated from intracardiac electrograms acquired with multipolar catheters.

A, AFocusll mapping catheter 3-dimensional electrode (red dot) spatial configuration with corresponding bipoles (blue triangle) within the
atrium (left). Electrograms processing for GC analysis (right)—(1) Sample raw bipolar electrograms, (2) 40-250 Hz bandpass filtering and
low-pass filtering of signals <25 Hz, (3) signal rectification, (4) downsampling. B, Representative GC vector map for a paced rhythm mapped
by the catheter (left) and correlating raw and rectified electrograms (right). CIV indicates circular interdependence value.

neighboring regions with GC vectors, we were able
to show a continuous circular interdependence of GC
vectors as the hallmark of areas harboring stable RDs.
We lastly developed a quantitative tool, the CIV, which
could differentiate regions with high density of stable
RDs activity, transient and meandering RDs, and non-
driver regions. These GC-based tools were developed
for nonpanoramic, low-resolution, and sequential limited
coverage mapping, validated against high-resolution
phase analysis of rat VF and human VF optical mapping
data and then adapted for use with electrograms from
patients with persistent AF.

Circ Arrhythm Electrophysiol. 2020;13:e008237. DOI: 10.1161/CIRCER.119.008237

Although certain triggers, such as ectopic firing from
pulmonary veins in AF?¢ and His-Purkinje system in VF
are well established, a key challenge in treating fibrilla-
tion is the difficulty in accurately determining the underly-
ing fibrillatory mechanism and identifying putative drivers
with clinical mapping systems that have substantially
lower spatial resolutions than optical mapping and mul-
tielectrode array mapping used in preclinical research.
This has led to conflicting data and multiple mechanisms
being implicated. The initial mathematical model of mul-
tiple self-perpetuating wavelets with no clear drivers, pro-
posed by Moe et al,*® has been supported by a number
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Figure 8. Granger causality (GC) vector maps can localize rotational drivers (RDs) from intracardiac electrograms acquired with
a multipolar catheter.

Representative GC vector maps for an RD-positive site with high circular interdependence value (CIV) value (top) and RD negative site with
low CIV value (bottom), corresponding (B) CIV values over time and (C) electrograms. *Dashed line=cutoff for a RD-positive site. D, Atrial
fibrillation (AF) mapping data from 16 persistent AF patients showing the number of kernels and windows with RDs. E, Graph showing the
positive correlation between causality pairing index (CPI) and number of RDs. Linear regression analysis, F test, coefficients of determination—
R? and P value is indicated, n=16. Kernal denotes a single locational AFocus electrogram recording; Window denotes 8-s overlapping
electrogram time windows with a window-shift of 1 s. PsAF indicates persistent AF.
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of preclinical and clinical studies.®3'32 More recently, this
hypothesis has evolved with evidence supporting more
complex 3D mechanisms of asynchronous activation,
connections, and wave breaks between the endocardium
and epicardium in human AF mapped with high-density
electrode arrays during cardiac surgery3%3* However,
some investigators continue to propose that there are
regions of high spatiotemporal organization driving fibril-
lation and cite acute termination of AF through targeted
ablation of sites harboring RDs as strong evidence for
this hypothesis.®%

The clinically available fibrillation analysis tools, most
widely available of which is phase analysis, considered
to be the “gold-standard,” have significant limitations. In
AF simulation studies, we previously demonstrated that
the spatial resolution of multiple commercially available
clinical catheters including the AFocusll used in this
study is prone to generating a large number of false-
positive RD detections from phase processed data and
is ineffective at locating RDs with meandering trajec-
tories. In perfused heart AF mapping studies, phantom
RDs often appear as spatial resolution is reduced.®”
Phase mapping additionally requires careful consider-
ation of a number parametric inputs; such as rotational
thresholds for labeling RDs and average fibrillation cycle
lengths for accurate analysis.®®

GC-based analysis negates the issues generated by
low spatial resolution phase analysis and dynamic nature
of fibrillation by considering only causal interdependence
of neighboring areas over time rather than attempting
to construct panoramic videos of wavefront dynamics
within a chamber from interpolated, temporally stitched
and sequentially acquired data to determine mechanism.
Furthermore, by determining only causal relationships
in neighboring regions over long periods of mapping in
fibrillation, where activation patterns are dynamic and vary
beat to beat, GC mapping also addresses a key limitation
of activation mapping in fibrillation, which is annotation of
relative activation times from complex electrograms. GC
analysis was initially developed as an econometric tool,
it has been used to characterize the causal connectivity
between different brain regions based on neuroimaging
data®¥4° and is widely used in climate science to estab-
lish causal relationships between 2 parameters.*’

By quantifying the circular interdependence of GC
vectors that characterizes an RD with CIV through mea-
surements of the directionality of cross-product vectors
relative to the center, we provide a nonsubjective mea-
sure for localizing RDs that does not rely on user inter-
pretation. Windowing CIV in time segments can quantify
the temporal stability of RDs, accounting for their tran-
sient and meandering nature, and determine their overall
contribution to the fibrillation mechanism.

We found a direct correlation between global fibril-
latory organization and the underlying mechanism in
both rat VF and human VF and, therefore, classifying
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this organization with FDI or CPI in low spatial resolu-
tion without detailed mapping may help classify the pre-
dominant mechanism and guide treatment strategy. For
instance, the operator may choose to pursue detailed
mapping and RD ablation in patients with high FDI and
CPI values only. Some clinical studies support the exis-
tence of a spectrum of organization and mechanisms in
fibrillation. For instance, in VF mapping studies of patient
undergoing cardiac surgery stable RDs, meandering
RDs and multiple wavelets were all found as predomi-
nant mechanisms in different patients.*? Similarly in AF,
noninvasive mapping with electrocardiographic imag-
ing has shown coexistence of a number of mechanisms
and varying fibrillation complexity.'® The global fibrillatory
organization and incidence of RDs were low in many of
our persistent AF mapped patients. This suggests that
mechanism guided ablation may only be suitable in a
select number of persistent AF patients.

Although in our study we found evidence for exis-
tence of RDs with continuous circular organization of GC
vectors in persistent AF, it is important to point out that
a biatrial mapping study of persistent AF patients using
high-resolution 512-electrode grid during open-heart
surgery failed to show existence of stable RDs.** How-
ever, in keeping with our findings, another similar study
conducted during open-heart surgery with a 128-elec-
trode grid found a similar spectrum of mechanisms, rang-
ing from disorganized activity through to transient RDs.**
Both these studies only involved activation sequence
analysis rather than a more sophisticated methodology
specifically adapted for localizing RDs. It is probable that
RDs may not have been localized due to a lack of robust
tools, such as the ones proposed in this work.

Other investigators have taken a similar approach to ours
in characterizing mechanisms by considering fibrillatory
conduction as propagation within a communication net-
work where neighboring regions exert influence over each
other over time. Quantifying and mapping this functional
connectivity using mutual information analysis* has, there-
fore, been explored in AF although in a differing context,
whereby greater connectivity or organization was found in
patients with successful ablations. A parallel probabilistic
analysis technique looking at proportion of time neighbor-
ing signals precede each other called Stochastic Trajec-
tory of Ranked Signals has been used to target driver AF
drivers with ablation and produced some promising initial
results.*® GC-based analysis of AF mapping data has been
utilized to identify dominant excitation patterns*’; however,
ours is the only study that uses it to quantify organization
of fibrillation and localize RDs and was validated against
high-resolution phase analysis. Other techniques exist,
specifically divergence and curl mapping, for quantitatively
identifying focal and RDs. Although, the methodology was
developed for analyzing conduction velocity vectors from
activation mapping, it could also be applied to GC vector
maps for analyzing fibrillation data.*®
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This study has a few important limitations. GC vector
mapping was used to analyze 2-dimensional fibrillatory
data and may not reflect the transmural propagation in
fibrillation. Electrograms show sharp deflection in fibrilla-
tion, rather than a sinusoidal waveforms seen from opti-
cal fluorescence. GC-based analysis is more dependent
on determining causal relationships over time than tim-
ing of local activation, further work is needed to evaluate
whether GC vector maps from electrograms and optical
fluorescence are comparable. GC-based analysis is used
to determine both global fibrillatory organization with CPI
and to localize RDs with GC vector maps; thus, these
methods are not mutually exclusive and may influence
each other. One of the limitations of human VF mapping
in this study was that the analysis was not performed
in a whole intact ex vivo perfused heart. Nevertheless,
the volume of an LV wedge preparation was clearly suffi-
cient to sustain VF, and the volume of myocardium in the
wedge preparation greater than the wavelength volume
of the fibrillation?" and, therefore, a suitable preparation
to study fibrillatory dynamics and to validate of the GC-
based analysis tools in large hearts.

CONCLUSIONS

In summary, we present novel methodologies based on
GC analysis for measuring global fibrillatory organiza-
tion and mapping RDs. The techniques presented here
are optimized for sequential mapping with limited spatial
resolution and coverage and were developed and vali-
dated against high-resolution phase processed optical
mapping data. They were further tested in human VF
and then adapted for use with intracardiac electrograms.
GC-based fibrillation analysis holds potential for identify-
ing patients with globally organized fibrillation, mapping
fibrillation mechanisms, and for guiding ablation therapy
within the spatiotemporal constraints of current clinical
mapping technology.
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