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BACKGROUND. Spatial resolution in cardiac activation maps based on voltage measurement is
limited by far-field interference. Precise characterization of electrical sources would resolve this
limitation; however, practical charge-based cardiac mapping has not been achieved.

METHODS. A prototype algorithm, developed from first principles of electrostatic field theory,
derives charge density (CD) as a spatial representation of the true sources of the cardiac field. The
algorithm processes multiple, simultaneous, noncontact voltage measurements within the cardiac
chamber to inversely derive the global distribution of CD sources across the endocardial surface.

RESULTS. Comparison of CD to an established computer-simulated model of atrial conduction
demonstrated feasibility in terms of spatial, temporal, and morphologic metrics. Inverse
reconstruction matched simulation with median spatial errors of 1.73 mm and 2.41 mm for CD and
voltage, respectively. Median temporal error was less than 0.96 ms and morphologic correlation

was greater than 0.90 for both CD and voltage. Activation patterns observed in human atrial flutter
reproduced those established through contact maps, with a 4-fold improvement in resolution noted
for CD over voltage. Global activation maps (charge density-based) are reported in atrial fibrillation
with confirmed reduction of far-field interference. Arrhythmia cycle-length slowing and termination
achieved through ablation of critical points demonstrated in the maps indicates both mechanistic
and pathophysiological relevance.

CONCLUSION. Global maps of cardiac activation based on CD enable classification of conduction
patterns and localized nonpulmonary vein therapeutic targets in atrial fibrillation. The
measurement capabilities of the approach have roles spanning deep phenotyping to therapeutic
application.

TRIAL REGISTRATION. ClinicalTrials.gov NCT01875614.

FUNDING. The National Institute for Health Research (NIHR) Translational Research Program at
Royal Papworth Hospital and Acutus Medical.

Introduction

The study of electric fields has been central to understanding the normal heartbeat (1-4) and has under-
pinned clinical cardiology through interpretation of surface electrocardiograms (ECGs) (5-8). The clini-
cal discipline of cardiac electrophysiology has relied on recording and mapping intracardiac electrograms
(EGMs) to identify targets for interventional therapy (9, 10). Although direct recordings from the heart
allow for characterization and treatment of stable cardiac arrhythmias, unstable arrhythmias, like atrial or
ventricular fibrillation, remain problematic (11, 12). Mapping such irregular rthythms requires simultane-
ous high-resolution interrogation of the entire heart chamber, which is technically challenging in humans
(13). Our lack of understanding of mechanisms in these arrhythmias has led to largely empirical ablation
strategies that are often ineffective (11, 14, 15).
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Variable human anatomy is one major barrier to endocardial mapping. Stable, contiguous, nonper-
turbing contact with the heart muscle wall, even with multipolar basket catheters, imposes limitations in
spatial resolution to the extent that interpolation algorithms have been required to gain panoramic views
(16, 17). Noncontact unipolar multi-electrode arrays deployed in the cardiac chambers have helped in
global, single-beat analysis of some stable cardiac rhythms (18) but technical challenges have limited their
use in more complex, unstable rhythms (19). In all of these approaches, the spatially averaged nature of
the cardiac electric field that arises from the whole heart becomes a smoothed distribution of potentials
for which both near and distant electrical sources obscure true, local patterns of activation (4, 20).

Our aim has been to localize the compact dipolar sources of charge responsible for generating the
cardiac electric field and provide a sharper, narrower view of endocardial activation achieved through a
reduction of far-field interference (Figure 1). The approach is based on first principles in electrostatic field
theory using physically defined quantities and providing a model-independent description of cardiac elec-
trical activity (4, 21, 22). We report how charge density (CD), d(¥) at any point, can be derived from the
potential (X) measured across a plurality of points distributed within a heart chamber (Figure 1A) using
an inverse algorithm. Although the inverse approach is mathematically ill-posed (23), the problem has
been solved by applying defined physiological constraints and numerical techniques, including regular-
ization (4). Feasibility of the approach has first been evaluated in an anatomically realistic and clinically
relevant simulation of atrial activation (24).

To resolve complex patterns of activation in the human heart, the construction of a combined
imaging and multi-electrode mapping system (AcQMap) was required. Atrial anatomy was generated
by ultrasonic imaging and the global distribution of CD across the anatomy was derived through the
inverse algorithm from multiple, simultaneous, noncontact, unipolar EGMs. Clinical utility of the
system was first demonstrated during organized atrial flutter (25-27) and secondarily in atrial fibrilla-
tion (AF). Reduction in far-field interference was confirmed in these maps and enabled identification
of underlying organization amid remarkable heterogeneity. CD-based mapping provides a platform
for understanding disease mechanisms and identifying clinically relevant and effective targets for
ablation therapy (13).

Results

CD determination in a realistic model of atrial cardiac wavefront propagation. To evaluate the feasibility of the
prototype inverse algorithm, a biophysically accurate, clinically relevant mathematical model of cardiac
CD was examined using the established, open-source Chaste (Cancer, Heart and Soft Tissue Environ-
ment) platform (24). Chaste allows for simulation and analysis of the propagation of activation wave-
fronts within cardiac tissue by solving a set of reaction-diffusion equations. This formulation is faithful
to the known principles of cellular electrophysiology and integrates contributions of membrane currents
from different types of ion channels (24). As such, intracellular transmembrane action potentials and the
corresponding magnitudes of extracellular CD and voltage can be accurately simulated at any location
and at any instant of time.

In our simulation, the mono-domain model was used for its high computational efficiency and
clinically realistic performance in modeling propagation of atrial activation wavefronts from which
corresponding potentials ¥{(x) can be calculated. Chaste was employed to simulate propagation of
focal activation (such as sinus rhythm, ectopy, or pacing) by injecting a stimulation current at one ver-
tex on the chamber mesh and calculating propagation of action potentials, CD, and voltage across the
chamber surface (24). For this initial evaluation of feasibility, conduction velocity was assumed to be
homogeneous across the whole chamber, with a value of approximately 1 m/s (28).

The procedure to evaluate accuracy of the prototype CD inverse algorithm consisted of 4 steps,
schematically depicted in Figure 2. In step 1, 30 unique wavefront propagation patterns were gener-
ated using the mono-domain model. In step 2, the distributions of CD associated with each of the
propagation patterns were derived from the output of each simulation. CD is embodied as an extracel-
lular double layer of positive and negative (dipolar) charges that electrically represent the location of
the entire wavefront on the cardiac chamber surface (S) and is proportional to the spatial gradient of
the transmembrane potential generated in step 1. As extracellular morphology is intrinsically different
from intracellular morphology, values across these 2 domains cannot be directly compared for evalu-
ation of accuracy. Accordingly, the gradient-derived distributions of CD established an extracellular
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Figure 1. Spatiotemporal relationships among charge density, voltage, and action potential. (A) The cardiac voltage field arises as a spatially broad
summation of local, dipolar charge sources generated by the action of cellular ion channels throughout the myocardium. Charge density (CD; coulombs/
cm) represents the magnitude of these sources with reduced contribution from far-field sources. (B) Depiction of a CD waveform overlaid on a corre-
sponding voltage-based EGM that represents the sharper, narrower nature of CD and a 4-fold improvement in temporal resolution over voltage. (C) Area
of depolarization shown on a CD map at a specific instant of time, with the red region depicting the associated negative phase of CD. The area-spanning
space is correlated with the temporal duration of the negative phase of the CD waveform and with phase 2 of the action potential. (D) Spatial distri-
bution of depolarization area for a CD map displayed beside the corresponding voltage-based map that demonstrates a 4-fold improvement in spatial
resolution of CD over voltage. Spatial maps display the magnitude of all points at one fiducial instant of time (t,) corresponding to the yellow time cursor
in the waveform in panel E. Propagation is ascertained by animation of the maps from each sample instant through time. PA, posterior-anterior. (E)
Temporal CD waveform overlaid on the corresponding voltage-based waveform that demonstrates an average 4-fold improvement in temporal resolution
of CD over voltage. Temporal waveforms display the magnitude of one point at all instants of time. The lower-magnitude, fractionated morphology rep-
resents localized irregular activation (LIA; see Figure 6A), which is the dominant conduction pattern in AF and for which the resolution of CD is improved
the most over voltage. The larger-magnitude, organized morphology represents localized rotational activation (LRA; see Figure 6A), which is a nondom-
inant, regionally organized conduction pattern in AF and for which the resolution of CD is improved over voltage, but less so than noted for LIA. LIPV,
LSPV, RIPV, RSPV are left and right inferior and superior pulmonary veins, respectively; MV, mitral valve.

foundation of a priori known values from which ground-truth potentials and activation times were
forward calculated and compared with inverse-reconstructed potentials and activation times, with all
such values determined on the chamber surface.

In step 3, the set of inverse-reconstructed distributions of CD associated with the set of ground-
truth potentials calculated in step 2 were derived using the prototype CD inverse algorithm. The
x-y-z coordinates of the chamber surface vertices and nominal electrode positions were applied as
input to the algorithm, together with the 48 ground-truth potentials for every time instant. From the
inverse-reconstructed distributions of CD, forward-reconstructed potentials were forward calculated
and activation times were postprocessed across the chamber surface. In step 4, the CD inverse algo-
rithm was evaluated by comparing the forward-reconstructed chamber-surface potential distributions
and activation times (from step 3) with the ground-truth chamber-surface potential distributions and
activation times (from step 2).

Realistic surface meshes of both the right atrium (RA, 52 X 57 X 59 mm) and the left atrium (LA, 71
X 46 x 57 mm) were segmented from CT scans of a single human male subject. The surfaces were tessel-
lated into high-density triangular meshes (RA: 8,818 vertices, 17,530 triangles; LA: 8,864 vertices, 17,580
triangles) to represent the endocardial surface of each atrial chamber (29). Thirty sites (15 RA, 15 LA)
were selected from broadly distributed locations to simulate focal activation. The work flows contained
within each of the steps listed above are charted in Figure 2 and were carried out for each of the simulated
sites of focal activation and evaluation (see detailed description in supplemental materials; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.126422DS1).
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Figure 2. Four computational steps were completed to evaluate the accuracy of the CD inverse algorithm in a biologically realistic simulation.
Step 1is simulation of action potential propagation. Step 2 is calculation of a priori known CD, ground-truth potentials, and actual activation times.
Step 3 is inverse reconstruction of CD, forward reconstruction of potentials, and postprocessed activation times. Step 4 is comparative evaluation of
forward-reconstructed potentials and activation times with ground-truth potentials and activation times.

The accuracy of reconstructed CD and voltage was evaluated (Supplemental Figure 1) from 4 key
aspects: (a) similarity of voltage waveform morphology and timing, (b) similarity of the spatial path of
propagation over the duration of propagation, (c) correspondence between activation times of CD and
voltage, and (d) spatial accuracy in localization of focal sites of activation. Cross-correlation and correla-
tion time difference (Xcorr and Tdiff; applied to ‘a’), area under the receiver operating characteristic curve
(AURGC; applied to ‘b’ and ‘c’), and distance between the site of early activation and the true origin of
activation (D20O; applied to ‘d’) were adopted as evaluation metrics (see supplemental materials for fur-
ther details). Clinically practical acceptance criteria were applied to the results, with thresholds defined as:

Spatial error < 5 mm (90% confidence)
Temporal error < 6 ms (90% confidence)
Morphologic correlation > 0.7 (90% confidence)

These criteria have been established in the literature (18, 19, 30) and are derived from the practical
requirement to deliver a single clinically relevant ablation lesion (5-mm diameter) to a specific target using
an electrode catheter. The results of all evaluations are listed in Table 1.

Accuracy of forward-reconstructed voltage versus ground-truth voltage. Cross-correlation was performed on
a total of 6,000 pairs of voltage waveforms (200 comparison points from 30 simulations of focal propa-
gation) (Supplemental Figure 2). The distributions of Xcorr and Tdiff comparing forward-reconstructed
voltage waveforms versus ground-truth voltage waveforms, respectively, are summarized in Figure 3, A
and B. Xcorr demonstrated a median value of 0.895, with 90% of correlation values greater than 0.7 (Fig-
ure 3A). Tdiff demonstrated a median value of 0.960 ms, with 90% of time-shift values of 6 ms or less
(Figure 3B). Because time-shift values were biased toward zero, a nonparametric method was performed
to calculate the confidence interval (1-sided) for a 90% tolerance interval over 90% of the population.
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Table 1 shows confidence greater than 90% at a level equal to the minimum acceptable correlation of 0.7
for Xcorr (lower bound = (0.702) and below the maximum acceptable time shift of 6 ms for Tdiff (upper
bound = 4.800 ms) (Table 1).

Spatiotemporal accuracy of the activation sequence. AURCs of propagation history maps (20-ms window)
were calculated for a total of 3,929 time frames over 30 focal simulations (Supplemental Figure 3). Fig-
ure 3C summarizes distributions of AURCs comparing (a) activation times for inverse-reconstructed CD
versus actual activation times (CD versus Sim), and (b) activation times for forward-reconstructed voltage
versus actual activation times (Voltage versus Sim). CD demonstrated the same median AURC value as
voltage (0.908 versus 0.907, respectively), but a tighter interquartile range (IQR = 0.892-0.922 versus
0.884-0.925, respectively). Consequently, CD was significantly better than voltage in estimating activation
time (¢ test, P < 0.0001; Mann-Whitney test, P < 0.003). Confidence was also calculated on each AURC
distribution using a 1-sided nonparametric test for a 90% tolerance interval over 90% of the population
(Table 1). Both CD and voltage had confidence greater than 90%, again well above the minimum accept-
able confidence interval of 0.7 (Table 1).

Spatiotemporal correspondence between CD and voltage. Figure 3D summarizes distributions of AURCs
of propagation history maps (20-ms window) over 30 focal simulations comparing activation times for
inverse-reconstructed CD versus activation times for forward-reconstructed voltage (see also Supplemen-
tal Figure 4). A high correspondence is demonstrated with a narrow range of variation (median = 0.917,
TRQ = 0.899-0.934). Confidence was also calculated using a 1-sided nonparametric test for a 90% toler-
ance interval over 90% of the population. Confidence was greater than 90%, well above the minimum
acceptable confidence interval of 0.7 (Table 1).

Spatial accuracy of the site of focal origin. D20s were also calculated for 30 focal simulations. The sim-
ulated foci were broadly distributed across the RA and LA, with 15 sites located in each chamber (Sup-
plemental Figure 5). Figure 3E summarizes distributions of D2Os for inverse-reconstructed CD and for-
ward-reconstructed voltage. The median value of D2Os obtained from CD was 28% smaller than those
obtained from voltage (1.725 versus 2.410 mm) and had 64% less interquartile variation (IQR = 1.250-
2.461 versus 1.503—4.867 mm). Twenty-seven out of 30 CD D20Os (90%) were less than 5 mm, compared
with 25 out of 30 voltage D20s (83%). Mann-Whitney test indicated that CD was more accurate in
localizing the site of focal origin than voltage (P < 0.08) (Table 1). Importantly, CD with its inherent spa-
tial specificity is the default mode of the clinical mapping system on which all modes of diagnostic map
displays are based (Figure 1).

Intracardiac ultrasound provides accurate reconstruction of endocardial anatomy. Simulation models do not
completely reproduce the behavior of complex human arrhythmias, which limits the weight of their results
on translational interpretation (13, 31). In addition, no gold standard comparator for CD presently exists
in an animal model (4). Accordingly, overall feasibility was next tested directly in vivo in human atria.
High-resolution ultrasound was incorporated as a central feature in a catheter designed to localize the
endocardial surface of atrial chambers and provide a clinical platform for inverse solutions and CD calcu-
lation (Figure 4, A-C). Endocardial surfaces were algorithmically reconstructed from the ultrasound point
set acquired by the catheter in both right and left atria (Figure 4D and Supplemental Video 1). Nine patients
(56% male, mean age 63.3 + 9.4 years with left atrial diameter 43.0 + 7.1 mm) were enrolled with complete
data sets for left atrial anatomy collected from each subject. The absolute median distance between surfaces
derived from corresponding intracardiac ultrasound and prior CT measurements was 1.85 mm (IQR =
0.86-3.43 mm). Real-time ultrasound-based LA reconstruction compared favorably to surface CT images.

CD improves accuracy in mapping atrial activation. Typical atrial flutter is a well-understood arrhyth-
mia based on a stable, cavotricuspid isthmus—dependent (CTI-dependent), macro-reentrant circuit
that manifests in the RA and is readily accessible for investigation (25-27). Within the initial feasi-
bility work in humans, AcQMap CD and voltage-based maps were compared with those obtained
from an existing commercial contact-based 3D mapping system (26). Six patients were mapped with
both AcQMap and the commercial system. The patient group had a history of persistent AF and
atrial flutter, with prior ablations performed in 3 of the 6 patients. Enlarged left atria (=45 mm) were
noted in all patients, with 3 right- and 5 left-sided flutters mapped. The average flutter-cycle length
was 275 = 75 ms with a range of 206-445 ms. Noncontact and contact voltage—based activation maps
demonstrated the same macro-reentrant conduction pattern in terms of activation time and direc-
tion. Figure 5 and Supplemental Video 3 present an example of a typical, counter-clockwise flutter
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Table 1. Summary of AcQMap performance with statistical summary of evaluation metrics

Map Accuracy Category Evaluation Metric Results - Confidence Interval Confidence
Mean + SD Median (IQR)
Xcorr 0.862 + 0.1M 0.895 (0.805-0.945) Lower 0.702 90.2%
Voltage vs. Simulation (Sim) Tdiff (ms) 2.045 +2.894 0.960, (0.320-2.560) Upper 4.800 90.2%
AURC 0.902 + 0.031 0.907 (0.884-0.925) Lower 0.857 90.2%
D20 (mm) 2.972 +1.898 2.410 (1.503-4.867) NA NA
CD vs. Simulation (Sim) AURC 0.906 + 0.023 0.908 (0.892-0.922) Lower 0.876 90.2%
D20 (mm) 2.228 +1.633 1.725 (1.250-2.461) NA NA
CD vs. Voltage AURC 0.913 + 0.031 0.917 (0.899-0.934) Lower 0.877 90.2%

Confidence intervals were calculated using 1-sided nonparametric test with a 90% tolerance interval over 30% of the population. Confidence test was
not performed over the D20 data because of the small number of data samples. The small variations among the 30 data points suggest the number of
samples is acceptable in this evaluation.

insight.jci.org

in the RA. In Figure 5, the propagation-history color bands are set to display an activation map of
the entire cycle length, shown in anterior-posterior (AP) and left-anterior-oblique (LAO) views. The
map and waveforms reveal the activation sequence progressing inferiorly from the roof on the lateral
wall (LAT), medially on the isthmus (CTI), and superiorly on the septum (SEP). Waveforms sampled
from 8 evenly spaced locations around the entire RA show the expected morphology and timing of
propagation through the entire flutter-cycle length represented by the translucent-gray region. As
shown in Figure 1C, the spatial span of the negative phase of CD, at any instant of time, correlates
with the temporal duration of phase 2 of the transmembrane action potential for any point located
along the leading edge of the wavefront. Accordingly, the negative phase of CD signifies the area of
depolarization on the 3D map. Figure 1D shows a side-by-side image of raw CD and voltage, with
the color bands set to fully display the negative phase of both CD and unipolar voltage. The area of
depolarization for raw CD and voltage was calculated and compared for every map frame throughout
the flutter-cycle length of all 6 patients, with voltage delineating an area 4.17 £ 1.22 times larger than
CD. Temporal features of deflection in the associated waveforms show the same level of broadness
in voltage, as compared with CD. This 4-fold improvement in resolution in space and sharpness in
time is being further examined in a subset of patients from our prospective study in persistent AF,
described below, with results to be reported separately.

CD reveals classifiable activation patterns in persistent AF. Having established the feasibility of the system
to map a well-understood arrhythmia, a series of patients with persistent AF were enrolled to evaluate a
complex arrhythmia that remains inadequately characterized by conventional means. Three sites enrolled
10 patients (mean age 60.1 + 9.2 years; 93% male; AF duration 5.4 + 4.6 years and LA diameter 44.7 £
3.9 cm). Six of the patients were scheduled for de novo ablation and none had received recent exposure
to the antiarrhythmic drug amiodarone. A total of 42 activation patterns (average fibrillatory cycle length
142 + 25 ms) were observed at 23 sites specific to each patient and empirically classified into 1 of 3
types (Figure 6A and Supplemental Videos 4-6): (a) focal activation, with radial conduction from a single
location = 3 times per 5-second duration of AF, was seen in 31% of the identified patterns; (b) localized
rotational activation (LRA), a regionally organized pattern of conduction that rotates in one direction
around a confined zone (clockwise or counter-clockwise) and subtends a path of = 270 degrees, was seen
in 31%; (c) localized irregular activation (LIA), a disorganized pattern of conduction with repetitive,
multidirectional, isthmus-like conduction through a small confined zone that may enter, exit, and pivot
within and around the zone, was seen in 38%. Sixteen sites exhibited more than one activation pattern,
with LIA being dominant and which voltage-based mapping cannot reliably discern (Supplemental Video
2). The average number of patterns per patient was 7, with the number of patterns, average cycle length,
and locations illustrated (Figure 6B and Table 2).

CD identified AF activation patterns amenable to ablation that restored sinus rhythm. The ability to visualize
clinically relevant targets located outside the pulmonary venous ostia prior to initiating ablation allows
alteration of conventional ablation treatment strategies to incorporate these targets. One representative
70-year-old male patient with a history of highly symptomatic persistent AF had failed 5 attempts at

https://doi.org/10.1172/jci.insight.126422 6


https://doi.org/10.1172/jci.insight.126422
https://insight.jci.org/articles/view/126422#sd
https://insight.jci.org/articles/view/126422#sd
https://insight.jci.org/articles/view/126422#sd

. CLINICAL MEDICINE

10 A B 100 10 c D 10.0 E
c I - 8 <
1 8.0 = 80 r
*f = BB 2§
< I + o o p < 0.08 (M-W test)
s 160 5 h p <0.0001 (t-test) o 89 —
K 08 r —_ ] o S 08 [p<0.003 (M-W test) ©
o I 140 € I Qa0 T
8 0.7 | " 07 | o [ *
o - +| 120 8 ' A 20 g
L 1 <C L | |
0.6 1 1 0'0 0.6 1 1 1 0.0 1 1
Xcorr Tdiff (ms) Charge Voltage Charge vs Charge Voltage
vs Sim vs Sim Voltage (mm)  (mm)

Figure 3. Performance comparisons and spatiotemporal accuracy of reconstructed CD and voltage in a biologically realistic simulation. (A) Box-and-
whisker plot of Xcorr distribution from 6,000 pairs of voltage waveforms. (B) Box-and-whisker plot of Tdiff distribution from 6,000 pairs of voltage
waveforms. (C) Box-and-whisker plot of AURC distributions from 3,929 time frames comparing spatiotemporal overlap of CD and voltage activation
times versus actual activation times. Paired t and Mann-Whitney (M-W) tests indicated that activation times were similar (P < 0.0001 and P < 0.003,
respectively). (D) Box-and-whisker plot of D20 distributions from 30 focal simulations. (E) Box-and-whisker plot of D20 distributions for inverse-re-
constructed CD and forward-reconstructed voltage. CD was more accurate in localizing the site of focal origin than voltage (P < 0.08). In all plots, boxes
span from quartiles Q1to Q3 and whiskers span from the 10th to 90th percentiles of the population. The red cross denotes the mean value and the blue
horizontal bar denotes the median value. The dashed lines delineate the minimum acceptable correlation value of 0.7, or the maximum acceptable time
shift of 6 ms, or the maximum acceptable D20 of 5 mm.

electrical cardioversion over the previous 5 years. Initial maps of AF observed during CD mapping
showed a single dominant LIA in the posterior view that occasionally alternated into a rotational con-
duction pattern through the same site (Figures 6A and 7B, and Supplemental Videos 5 and 6), the central
point of which could be incorporated within a somewhat modified ablation line around the left pul-
monary veins. Contiguous ablation lesions were placed down the posterior wall with an approximately
1.5-cm-wider encirclement than would be usual below the left inferior pulmonary vein to include the
identified LIA (Figure 7, A and B, and Supplemental Video 7). Approximately 45 seconds after passing
the ablation treatment into the core of the target, AF converted into sinus rhythm. Isolation of the right
pulmonary veins was completed with subsequent noninducibility demonstrated in response to rapid atri-
al pacing (Figure 7C). The patient remains in normal sinus rhythm without the need for antiarrhythmic
drug treatment since the procedure was performed 28 months ago.

Discussion

Here, we show through application of first principles of electrostatic field theory, that the sources of the
cardiac electric field responsible for both the ECG and intracavitary voltage recordings can be resolved.
Initially, the prototype algorithm for mapping cardiac electrical activity was shown to be feasible in an
established, biologically realistic simulation. Next, a specialized catheter-based system was developed that
provides recording of the cardiac potential field and computation of equivalent charge sources on the
endocardial surface. Through application of this system in human atrial chambers, the first global, contin-
uous maps of AF were obtained with reduction of interference from far-field sources. These maps enable
greater insight into disease mechanisms and provide a platform for patient-specific treatment.

The heart’s potential field results from the summation of many tiny electric dipoles that are defined as
charge sources (q,) closely coupled with equivalent sinks (q ) (2, 6, 7, 32). These microscopic sources arise
from ion channels within the membrane of myocardial cells and are understood as the origin of the mac-
roscopic distribution of potentials that are responsible for both the intracardiac EGM and the body-sur-
face ECG (1, 4, 6). Localizing the sources (also called equivalent generators) of bioelectric fields has long
been seen as desirable (6, 33), even though the earliest theoretical studies of electric fields from nerve or
muscle established that it would not be physically possible to measure such sources directly (2, 20). Conse-
quently, sources have to be derived from observed fields (21, 34), which has proven challenging (4, 23, 35).

Source models initially evolved from a hypothetical double layer as an equivalent source at the
cellular membrane (2, 6, 35, 36), with the moment of excitation in this model believed to be due to the
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presence of dipoles at phase boundaries (6, 37). The observed potentials then arose from the combined
effects of dipole moments due to positively charged sodium ions moving across cell membranes, with
negatively charged proteins and anions being held in an intracellular location (38). Such low-magnitude
currents were determined to be physically localized within membrane ion channels and are directly
responsible for the formation of the transmembrane action potential (39). Since the 1960s, source mod-
els have evolved to include distributions of current density that extend from all active ion channels and
flow throughout the entire extracellular torso-volume. This is an ohmic model that assumes a source
current as the origin of the extracellular potential field that manifests from the flow of current across
the volume-conductor impedance (1, 2, 35, 36, 40). However, such a view is inconsistent with first prin-
ciples of electrostatic field theory (4, 21, 22, 34, 41), which state that a distribution of current density
(charge in motion) generates a magnetic field, while an electric field arises from a static (or quasi-static)
distribution of CD (4, 21, 34). Accordingly, our approach to determine the sources has been based on
calculating the polarization CD of active cells that represents the true physical source of the measured
cardiac electric field (4). Variation in CD across space and time spreads through the tissue as a prop-
agating wave of depolarization with algorithmic solution of the inverse problem from potential V(x)
to CD, d(3), providing a propagation map (4). The prototype algorithm employed a distance-weighted
average across space according to the microscopic Maxwell’s equations (4, 34) and for which the exci-
tation dynamics are governed by electrochemical action of ion channels (38).

Other approaches have been investigated to track broader patterns of cardiac activation as an alter-
native to true source calculation. For example, electrocardiographic imaging (ECGi) based on a vectorial
body surface representation of the cardiac electric field (7) is the subject of experimental investigation
(42-44). However, the potential field diminishes with distance from myocardial sources which, in the case
of atrial signals, results in a low signal-to-noise ratio for recordings from the body surface and diffuses
the images of atrial sources (3, 6, 42, 44). While the determination of the potential (the so-called forward
problem) is well posed with a continuous relationship between the data and the solution, there is consid-
erable variation between simulated and measured body surface potentials (42). The limitations of surface
recordings are further compounded when inverse solutions with regularization methods are then applied
to minimize the effects of small errors in data collection (measurement noise, geometry errors, inaccurate
conductivity values) that would otherwise cause significant errors in the solution (42, 43). Despite these
challenges, plausible source localization has been obtained, albeit with limitations in spatially distinguish-
ing endocardial from epicardial activation (44—46).

Conventional measurements that underpin clinical cardiac electrophysiology are obtained by plac-
ing electrodes in direct contact usually with the endocardium (9, 10, 47). The catheters so employed
were designed to sequentially sample single or multiple points of endocardial contact that form a
panoramic map of activation, with annotation referenced to a stable time of activation at a single
point. Sequential methods of mapping are intrinsically unable to annotate or determine the direction
of irregular activation wavefronts required for global mapping of complex, unstable arrhythmias, such
as AF. To address the identification of fibrillatory mechanisms without annotation to a reference,
multipolar basket catheters (MBCs) (16) and more recently higher-density mapping electrodes (48)
have been developed. Significant limitations have been reported in the resulting contact EGMs, such
as interference from far-field sources, low spatial resolution, equatorial bunching, and mechanical
artifacts related to motion and contact pressure (49).

Our objective of quantifying charge sources required a set of potential measurements suitably
distributed across the atrial chamber cavity and sampled through time (3, 4, 33). Intracavitary record-
ings of EGMs were therefore acquired without direct contact with the heart wall that, both simul-
taneously and as a whole, represent the instantaneous activity of the entire heart chamber (global
mapping). Such noncontact measurement procedures, first conducted in canines using olive-shaped
or cylindrical probes (50), rely on solid-angle theory in which the potential obtained at any point by
the device is seen to be proportional to the angle subtended by the full edge length of the wavefront
to that point (4, 50-52). This would result in an accurate calculation only if the magnitude of CD
was constant across the entire wavefront. Nonetheless, this early work demonstrated feasibility of
the concept despite significant spatial variation in CD. Initial methods for obtaining noncontact
recordings were refined through mathematical modeling (53) and it was observed that intracavitary
potentials correlated strongly with intramural contact recordings (54). Noncontact multi-electrode
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Figure 4. System, mapping catheter, and anatomic reconstruction used in clinical studies of human atria. (A) The system consists of a console,
workstation, and interface unit. Localization and electrical reference electrodes are connected to the system through the patient interface. The AcQMap
catheter, ECG electrodes, and auxiliary catheters are connected to the console front panel. Commercially available ablation catheters and generators can
be connected through an ablation interface. (B) AcQMap mapping catheter has a 10-F shaft, integral handle (not shown), and deployable distal 25-mm
spheroid apparatus that has 6 splines, each populated with 8 ultrasound transducers for anatomy reconstruction and 8 unipolar electrodes for mapping.
(C) Radiographic (28° left anterior oblique [LAO]) view of the AcQMap catheter in the left atrium. (D) Ultrasound reconstruction of the left atrium is
based on the transit time of sonic reflections between the endocardial surface and the transducers on the catheter splines. Distances calculated from
the transit times result in 3D points that represent locations on the endocardial surface and are dynamically triangulated into a surface mesh. Rotation,
advancement, and retraction of the catheter during point collection achieves a complete reconstruction throughout the entire chamber, usually over
90-180 seconds (Supplemental Video 1). Postprocessing is performed to establish the final anatomy that is used for navigation and mapping.

array balloon catheters were later engineered that provided instantaneous isopotential maps on a
virtual reconstructed endocardium (51, 52), enabling use in clinical studies (18). The approach has
proven valuable in research applications providing global maps of the entire endocardium (18, 19,
30). However, significant far-field interference, inaccuracy of geometry, and degradation of accu-
racy at distances greater than 40 mm from the center of the probe prevented the technology from
becoming a routinely applied clinical tool (19, 30). To calculate CD with high fidelity, we required
accurate anatomy to determine the optimum transform between the endocardial surface and the
noncontact electrodes. Accordingly, high-resolution ultrasound transducers were incorporated as a
central feature in the catheter design to obtain a true anatomy not reliant solely on panoramic accu-
mulation of mapping electrode positions. The approach minimizes errors due to motion, provides
accurate distance measurements, and facilitates overall system stability that, together, address many
of the challenges encountered by the impedance-based approach for localizing the 3D coordinates
of noncontact catheter electrodes (19).

Our simulation studies showed that the prototype inverse algorithm reconstructed chamber-
surface voltages from 48 intracavitary unipolar measurements with high correspondence to the sim-
ulated ground-truth voltages. Waveform morphology correlated with a median value of 0.895 and a
median time shift of 0.960 ms, which exceeded the acceptance criteria of cross-correlation greater than
0.7 and time shift of 6 ms or less. These results represent an improvement over prior studies that direct-
ly compared noncontact and contact endocardial potentials in vivo and reported a mean cross-correlation
of 0.82 for sites less than 40 mm from the center of a noncontact catheter during sinus and paced
rhythms (51). The prototype inverse algorithm also accurately reproduced the activation pattern across
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Figure 5. Initial clinical validation in typical cavotricuspid-isthmus-dependent atrial flutter. Example of typical, counter-clockwise flutter in the
right atrium. In the upper panel, the propagation-history color bands are set to display a fixed propagation-history map of the entire cycle length,
shown in anterior-posterior (AP) and left-anterior-oblique (LAQ) views. Signals can be visualized from any position on the map (labeled on the ana-
tomical mesh) and at any instant of time due to the global, simultaneous calculation of the inverse solution. The duration of propagation history
can be adjusted by the operator and is demarcated by the translucent-gray region in the lower panel. The yellow time cursor at the right edge of the
history window corresponds to the leading edge of the red color band on the map, shown reaching the roof from the septum. The other color bands,
located progressively clockwise, represent the location of the wavefront at earlier instants of time. The span of the color bands, across space, and
the associated duration of the translucent-gray region, across time, were set equal to the flutter-cycle length (CL, 255 ms). Accordingly, waveforms
sampled from 8 evenly spaced locations around the entire right atrium reproduce the expected morphology and timing of propagation, while the
map reveals the activation sequence progressing inferiorly from the roof on the lateral wall (LAT), medially on the isthmus (CTI), and superiorly on
the septum (SEP). IVC, inferior vena cava; RAA, right atrial appendage; SVC, superior vena cava; TV, tricuspid valve.
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Figure 6. Conduction patterns identified in propagation history maps and localization of activation patterns of atrial fibrillation. (A) Three discrete
identified conduction patterns, including focal activation, with radial conduction from a single location > 3 times per 5-second duration of AF; localized
rotational activation (LRA), with > 270 degrees of conduction around a fixed, confined zone; and localized irregular activation (LIA), with repetitive, mul-
tidirectional entry, exit, and pivoting conduction through and around a fixed, confined zone (see Supplemental Videos 4-6). (B) Spatial plot of conduction
patterns and locations identified in a subset of 10 patients recruited into the DDRAMATIC SVT trial. Conduction patterns were identified at patient-spe-
cific locations throughout the atrial body (regions 1-12), with one or more patterns arising from the same location.

the chamber surface, with a median AURC of 0.907 (Supplemental Figure 4). Comparison between
activation times from inverse-reconstructed CD and activation times from forward-reconstructed volt-
age also revealed a high correspondence, with a median AURC of 0.917. Compared with voltage,
CD had less AURC variability, indicating that the prototype CD-based inverse algorithm retained
the resolution of simulated wavefronts with a high true-positive rate, but did not introduce artificial
complexity to the propagation pattern. The origin of simulated focal activity can be located by the CD
inverse algorithm with a median accuracy of 1.725 mm, which exceeded the acceptance criterion of
5 mm. When clinical data were acquired and applied, the algorithm provided voltage- and CD-based
maps of endocardial activation during atrial flutter that reproduced prior findings obtained using both
contact (26, 27, 55) and noncontact EGMs (25). The key advantage, as explicitly demonstrated in Fig-
ure 1, is that clinical CD maps and waveforms provide an average 4-fold improvement in spatial and
temporal resolution, respectively, when compared with voltage. A further advantage, demonstrated in
Supplemental Video 2, is that CD can reliably discern the LIA pattern, while voltage-based mapping
cannot resolve this pattern, as voltage suffers from spatial blending across simultaneously distributed
sources within and around these discrete sites.

AF is inherently unstable, with a constantly changing activation pattern that cannot be mapped
like a stable and regular arrhythmia, such as atrial flutter (56). While intuitively viewed as being ran-
dom (57), AF has in fact an underlying organization, supported experimentally (57-60), and specific
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Table 2. Summary of total number of conduction patterns and average fibrillatory cycle length (CL) in
each left atrial region

Patient Focal LRA LIA Average CL (ms)
1 1 1 174
2 1 2 1 137
3 3 4 136
4 3 1 1 138
5 1 1 129
6 1 2 122
7 2 4 4 116
8 2 2 168
9 1 2 1 115
10 1 183

These data are based on the same subset of 10 patients in Figure 6B. The dominant pattern was LIA, which cannot be
reliably discerned with voltage-based mapping (see Supplemental Video 2).

spatiotemporal patterns that are now clinically recognized (61-64), with termination of arrhythmia in
response to focal ablation (65). There are, however, continuing challenges related to spatial and tem-
poral resolution that have generated much conflicting data and have fueled a robust debate regarding
mechanisms of conduction and strategies for therapeutic intervention (13, 17, 64, 66, 67).

The CD maps obtained in this evaluation of feasibility address the current impasse and are likely
to represent true maps of human AF for several reasons. First, the enhanced sensitivity and specificity
of the measurements are based strictly on the application of first principles of classical field theory.
The practical relevance of the approach was then supported in simulations and in an established stable
arrhythmia (atrial flutter), providing evidence of a technical advance. Reduction of far-field interference
in CD-derived maps contributes a preferred method for the tracking of rapidly changing rhythms that
ought to be ideally suited to mapping fibrillation. Second, the patterns of activation observed by CD
consist of both re-entrant and focal activation that is patient specific and consistent with those obtained
previously by others based on less specific voltage measurements (12, 16, 26, 44). In the earliest canine
models of AF, the observed complex rhythms were described as “impure flutter” (58), indicating some
level of organization. Today, there are abundant clinical observations to support re-entrant rotational
(16, 26, 44, 45) and focal or co-existent mechanisms (12, 68). The cycle lengths observed at around 150
ms (6-8 Hz) are broadly in the range of those reported by others (11, 63, 69, 70), with the locations of
principal drivers corresponding to those previously identified in contact (71) and noncontact studies
(12). It is well established that pulmonary veins (72) and adjacent regions, particularly involving the
posterior left atrial wall (11, 44, 63, 69), harbor important drivers in paroxysmal (72) and persistent
AF (73) and are consistent with the results reported herein. Finally, relevant participation by identified
drivers can only be fully imputed when delivery of therapy at the associated locations achieves normal
rhythm and prevents arrhythmia re-induction (31, 74). In this report, a representative example of such
a response in a patient with AF using CD-based activation maps to target ablation is illustrated. To
address broader-scale impact of the methodology, a prospective clinical trial was designed and con-
ducted to examine the effectiveness of CD mapping in identifying mechanisms that can be targeted
for ablative treatment in persistent AF. Procedural intervention and follow-up is now complete in 127
treated individuals, with results reported separately.

The physiologic basis of the patterns reported remains to be established, but the assumption is that
wavefronts interact along anatomical/functional barriers giving rise to rotational or fibrillatory conduc-
tion (13, 75). There are points of contention and several questions that have not been explored further
in these studies. First, there is a substantial biophysical literature based on the rotor concept examining
fibrillatory mechanisms through numerical simulations and in model systems using voltage-sensitive
dyes (17, 76). This work is now supplemented by evidence for participation of rotors in human AF (16).
Here, we refer to rotational activation, as we lack the experimental means to confirm the presence of
rotors that have a specific meaning confined to a subset of functional re-entry characterized by a curved
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Figure 7. Case example of atrial fibrillation termination through targeted ablation. (A) Anterior-posterior (AP) view of left atrium with no classifiable
activation patterns noted on anterior surface. (B) Posterior-anterior (PA) view of left atrium showing a single localized rotational activation (LRA) posteri-
or and inferior to the left inferior pulmonary vein (LIPV). (C) Isolation of the right pulmonary veins (yellow dots) indicating the planned ablation line. No
alterations, as indicated by the red dots, were made to the ablation line. (D) Incorporation of the LRA within the isolation line of the left pulmonary veins
based on proximity of the central point of the LRA to the planned line that was altered to pass through the central point of the LRA. The yellow dots
indicate the original planned line and the red dots the executed ablation line. While ablating within the identified area of interest, the AF terminated

to sinus rhythm. The isolation line was completed, with block verified in sinus rhythm. (E) Calculated CD signals are displayed at locations 1-6 on the 3D
anatomy displayed in panels A and B. The position of the yellow cursor, in time, correlates with the position of the leading edge of the red color band in
the display of propagation history. CD signals 1-3 show predominantly positive (R-wave) unipolar CD morphology representing the resting state. CD signal
number 4 shows a predominant QS morphology, with the yellow line crossing zero at the same instant that the red color band is reaching its location on
the map. CD signal number 5 shows that depolarization occurred at that location at an earlier time in the propagation history. The duration of propaga-
tion history is displayed by the translucent-gray rectangle positioned behind the yellow time cursor and, in this example, the duration was set by the user
to 112 ms (see Supplemental Videos 5 and 7).

insight.jci.org  https://doi.org/10.1172/jci.insight.126422 13


https://doi.org/10.1172/jci.insight.126422

. CLINICAL MEDICINE

insight.jci.org

wavefront and wavetail that meets at a non-refractory-phase singularity (60, 76). Second, the observa-
tions have been obtained exclusively from the anatomical surface mesh associated with the endocardium,
with the role of the epicardium and endocardial-epicardial interactions (31, 68, 77) represented as a
composite equivalent and thus not examined separately. Images of mid-myocardial or epicardial sources
projected on the endocardial mesh at appropriate anatomical locations with associated signal morphol-
ogies correlated with myocardial depth. There is substantial evidence to implicate the 3D architecture
of the atrial wall in the maintenance of AF with subendocardial bundles anchoring localized intramu-
ral re-entry. The responses to endocardial ablation obtained in the same human model are consistent
with the responses reported and together support an independent importance for the endocardium (31).
Third, the stability of actionable sites has not yet been formally addressed and repeated observations
will be required to examine whether conduction patterns stabilize to specific locations over longer time
scales (12, 45, 68). A subset of patients in the prospective study are being examined for consistency of
identified localized sites that appear to drive or maintain AF over periods of time spanning the duration
of procedures, with results to be reported separately.

CD mapping provides a source description of myocardial activation for the first time to our knowl-
edge that enables a deeper comprehension of conduction mechanisms underlying complex arrhythmias
and the potential for significant therapeutic benefit (78). The first clinical cases demonstrate that AF is a
mappable arrhythmia with complex but repetitive patterns from which far-reaching implications are likely
to emerge. Integration of accurate, patient-specific source determination with genomic, functional, and
in silico analyses (79) strengthens the expectation of an improved understanding of the biology of the
cardiac rhythm (80).

Methods

Study design. The objective of this evaluation of feasibility was to obtain unperturbed, high-resolu-
tion, global maps of the sources of cardiac activation during complex arrhythmias. Several steps
were required to accomplish this objective: (a) proof that the approach achieved the predicted level of
enhanced resolution (4, 81), through application of an established simulation model (24); (b) construc-
tion of instrumentation that provided real-time, noncontact electrical sensing and ultrasonic recon-
struction of heart-chamber anatomy; and (c) development of a CD-based computational platform that
reproduced both well-established and complex arrhythmias (atrial flutter and AF, respectively). The
clinical studies are largely observational and were not blinded or randomized and sample sizes were
based on previous study designs of novel approaches to the mapping of cardiac arrhythmias (26, 82).
Examples of the responses to the delivery of ablation lesions are reported to support physiological rel-
evance of activation patterns in the associated circuits, fulfilling a criterion for involvement established
by Mines (74). No data have been excluded from the evaluation.

CD calculations. The mathematical derivation of the CD distribution has been covered in detail
elsewhere (4, 81) (see also supplemental materials). Macroscopic electrostatics was applied to the
blood-filled heart chamber with the accepted assumption that the electrical characteristics of blood
are homogeneous and uniform (4). The heart itself was modeled as a uniform volume conductor with
the myocardial wall represented as a 2D surface, S, that is defined by the endocardial boundary at
any given instant of time. The depolarization and repolarization of the cardiac cell membrane was
then represented as an equivalent, continuous distribution of CD formed by the sum of microscopic
dipoles located within the 3D myocardium. The calculation of CD on the endocardial surface requires
high-fidelity electrical input data, V' (%, £), which were acquired using our purpose-built multi-electrode
catheter (AcQMap) at various locations in the heart chamber. Distance measurements afforded by the
ultrasound transducers account for errors that may otherwise arise from the motion of the heart, from
the catheter, or from their interactions.

This source model allows for treating the problem as quasi-static, as cardiac activation propagates
at a rate that is 108 times slower than the propagation of the electric field, which travels at the speed
of light throughout the aqueous medium. As such, the cardiac field is not dependent on time and, in
accordance with classical electrostatics and the application of Maxwell’s equations, the calculation
of potential or CD can be performed at any given instant using a solution to Poisson’s equation,
which relates the distribution of sources to the voltage within and surrounding the sources (4) (see
also supplemental materials).
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The voltage at any location on the endocardium can be separated into 2 components that represent the
contribution from local sources and far-field sources:

V(&) = —2md(Fs) + [ dG) 53 doy,

> _.lz

Where V(¥s) is the voltage at any point on the endocardium, —2zd (Xs) represents the component of
voltage contributed by local sources, and

JsdG) s do

-y|? represents the component of voltage contributed by the sum of all surrounding and

distant sources.

More generally, the voltage at any point within the chamber cavity and outside the chamber epi-
cardium is entirely represented by the far-field component, as the local endocardial contributions are
intrinsically included within the total distribution of sources that reside within the chamber myocardium.
Accordingly, the voltage at any such point is expressed as:

V) = [dG) o doy

iy2

Where V(¥s) is the voltage at any point inside or outside the chamber myocardium, and

JsdG) s do

-yI? represents voltage contributed by the sum of all sources residing within the

myocardium.

Consequently, the algorithm consists of a transfer matrix that relates 48 points of measured volt-
age on the AcQMap catheter electrodes (left side of equation, known) to a discretized set of more than
3,600 equivalent local sources on the endocardial surface (right side of equation, unknown). The transfer
matrix is regularized and inverted to obtain a high-density derivation of the separated, equivalent local
sources on the endocardium, defined above as —2zd (Xs). This calculation represents the critical strategic
advantage over conventional voltage-based mapping, with an unprecedented improvement in spatial res-
olution increasing from approximately 10 mm to 2.5 mm. Recalculating the CD, independently, at every
measured sample time captures the temporal dynamics of propagation of CD across the surface of the
chamber anatomy. The complete spatiotemporal embodiment of CD, d(¢, x) is thereby achieved, with the
function of time represented parametrically.

Overall system description. The single-platform high-resolution imaging and mapping system
employed provides heart chamber reconstruction using 3D ultrasound overlaid with high-resolution
maps of electrical activation either as CD or voltage. The system is conceptually similar to conventional
contact systems that combine 3D anatomical reconstruction and electrical signals (11, 26, 47). Cardiac
voltage arises as a spatially broad summation of local charge sources generated by the action of cellu-
lar ion channels throughout the myocardium. CD (coulombs/cm) represents the magnitude of these
sources, with a reduced contribution from far-field sources on the endocardial surface of the chamber
and with a view of cardiac activity that is at least 4 times sharper and narrower than voltage (Figure
1). The system derives CD from noncontact sensing of cardiac unipolar potentials within the chamber
cavity and localizes auxiliary catheters within and around the surface. The system also has a real-time
graphical user interface (GUI) and supporting hardware for display of cardiac chamber anatomy and
CD with respect to time (Figure 4A).

Catheter design, fabrication, and deployment. The diagnostic recording catheter (AcQMap 3D Imaging
and Mapping Catheter) is a single-use device that has a 10-F nondeflectable shaft, an integral handle,
and an expandable distal apparatus designed to yield a global examination of a cardiac chamber of
interest and acquire data without the need to contact the chamber surface (noncontact mapping). The
distal apparatus forms a 25-mm spheroid of 6 splines, each populated with 8 single-element ultrasound
transducers and 8 low-impedance, high-fidelity, biopotential electrodes, with a total of 48 of each type
of sensor (Figure 4B). The transducers provide distances between the splines and the endocardial sur-
face. The electrodes are engineered for both a small size (~0.8 mm?) and a low impedance to maximize
signal-to-noise ratio, preserve baseline flatness, and maximize the fidelity for sensing the cardiac electric
field. Body-surface ECG and patch electrodes are placed on the patient to provide ECG signals and
localization data to the system. The catheter is deployed in the cardiac chamber of interest through a
purpose-built deflectable introducer sheath over a 0.032-inch guidewire (Figure 4C) and ultrasound is
activated to measure points of first reflection and reconstruct the endocardial anatomy. A respiration
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removal filter extracts low-frequency respiration signals from the EGMs and distance vectors. The cathe-
ter is connected to a computerized medical instrument (Figure 4A, console and workstation).

Ultrasound imaging. The combined operation of impedance localization of electrodes and ultrasound
distance measurements provides the precise spatial relationship of the electrodes to the reconstructed
endocardial surface required for the inverse solution. The endocardial surface is sampled by the ultra-
sound subsystem at a rate of up to 115,000 surface points per minute and the 3D surface is algorithmically
reconstructed from the ultrasound point set in real time, with distance acquisition based on the transit time
from transducer excitation to receipt of first sonic reflection. To scan the entire atrial surface anatomy, the
catheter is slowly rotated within the deflectable guiding sheath, approximately 60 degrees clockwise and
then counter-clockwise, while also advancing and retracting the catheter within the sheath throughout the
chamber (Figure 4D and Supplemental Video 1). The measurement range of the 48 ultrasound transduc-
ers is approximately 7 cm. The reconstructed atrial chamber is a surface mesh composed of 3,648 vertices
and 7,296 triangles (Figure 4D). Minimal editing is applied to achieve the final, CT-quality reconstructed
anatomy, including removal of the mitral/tricuspid valve area. Navigation, mapping, and placement of
ablation markers are performed directly within and upon the reconstructed atrial surface mesh.

Unipolar voltage data acquisition and analysis. Low-noise, high-fidelity biopotential amplifiers simultane-
ously acquire the 48 raw, noncontact, unipolar intracavitary voltage samples at a collective rate of exactly
150,000 per second. The amplifiers are designed to maximize the signal-to-noise ratio, minimize filter dis-
tortion, and to preserve baseline flatness. The spatial distribution of these samples is sufficient to achieve
global mapping of cardiac activity over any selected duration of time and independent of the stability of
the rhythm. All recordings from the noncontact catheter were 30 seconds in duration. Inverse and for-
ward algorithms were applied to the intracardiac voltage to derive and display 3D maps of unipolar CD
and voltage, respectively (Figure 1D and Supplemental Video 2). Processing of CD maps occurs within
seconds, enabling immediate identification of actionable therapy targets and allowing for rapid, iterative
mapping to assess the effect of treatment. The calculated data are spatially and temporally applied to the
final processed surface anatomy and presented statically or dynamically as either a depolarization map
or propagation-history map. Maps of regular rhythms were calculated for as many integer multiples of
the arrhythmia cycle length obtainable between the end of a T wave and the subsequent QRS complex.
Maps of AF were calculated for durations ranging from 5 to 10 seconds. The area of depolarization is
shown on the map in Figure 1C at a specific instant of time, with the red region depicting the negative
phase of CD, both as an area spanning space and as an associated unipolar waveform through time. As
shown, the negative phase is correlated with phase 2 of the action potential. Animation of subsequent
map instants reveals propagation of depolarization. In the propagation history maps (Figures 5-7, and
Supplemental Videos 2-7), the red color band represents the leading edge of the activation wavefront at a
present fiducial instant of time (¢, = 0 ms), with the trailing color bands showing earlier locations of the
wavefront in equal steps backward in time. Concurrently, the zero instant is marked by the yellow time
cursor in the waveform window and the gray rectangle represents the total duration of time spanned by
the color bands. The history window is adjustable by the user and is generally set at 75% of the arrhythmia
cycle length. When animated, the color bands portray a contiguous flow from the newest instant (red) to
the oldest instant (purple) that enables intuitive comprehension of the global pattern of propagation for
every activation cycle in both regular and irregular arrhythmias. Ultimately, in this and all modes of color
maps, red represents the key element to be focused on, such as (a) the leading edge of the wavefront in an
animated propagation-history map, (b) the site of early activation in a fixed isochronal map, and (c) the
location of lowest amplitude in a voltage map.

Study cohort and clinical studies. Patients aged 18-75 years diagnosed with atrial arrhythmias and scheduled
for ablation were eligible for enrollment in the DDRAMATIC SVT trial (NCT01875614) (83). In patients
with AF, the protocol required application of a present-day 3D mapping system to guide the established
treatment approach for isolation of the pulmonary veins, followed by additional targeted ablation guided by
the new imaging and mapping system. This approach allowed comparison against the current gold standards
(84). The subsets of patients included in this report were recruited at 3 of the participating centers. Diagnosis
of atrial flutter was based on established clinical and electrocardiographic features (25, 27) and persistent AF
was conventionally defined as AF that had lasted more than 7 days without self-termination (12). Patients on
antiarrhythmic agents had these withheld for more than 5 half-lives, with none having any recent exposure to
amiodarone. Each patient had undergone prior CT imaging of the LA, pulmonary veins, and their junctions.
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Procedures were conducted under either general anesthesia or conscious sedation and mapping cath-
eters were advanced transvenously to the heart from both right and left femoral veins. Positioning in the
RA was achieved directly and in the LA following trans-septal needle access across the interatrial septum
(Figure 4C). Heparin was administered, maintaining activated clotting time greater than 350 seconds
prior to deployment of the AcQMap catheter in left atria. In addition, unipolar and positional reference
catheters were placed in the inferior vena cava and azygos vein, respectively. Concurrently, the mapping
system evolved so that in later procedures an internal position reference (azygos vein) was no longer
required. Regions of interest were identified with areas targeted for radiofrequency ablation receiving
contiguous lesions connected to electrically inert boundaries followed by remapping through reacquisition
of noncontact EGMs.

Statistics. Statistical analysis was performed for normally distributed data using a 2-sided, unpaired ¢
test for comparing between 2 groups, with an o level of 0.05. A 1-way ANOVA with a Tukey’s post hoc
test was used for groups of more than 2, with an a level of 0.05. For data that were not normally distrib-
uted, a Mann-Whitney nonparametric test was used to compare between 2 groups. Data are presented as
means * SD or median and IQR (Q1-Q3). Pless than 0.08 was considered significant.

Study approval. The clinical procedures were conducted according to the Declaration of the Helsinki
principles and approved by all relevant Institutional Review Boards in Cambridge, Hamburg, and Toron-
to, with all patients participating providing written, informed consent.
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