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Abstract: Efficient personalized ablation strategies for treat-
ing atrial arrhythmias remain challenging. Discrepancies in
identifying arrhythmogenic areas using characterization meth-
ods, such as late gadolinium enhanced magnetic resonance
imaging (LGE-MRI) and electroanatomical mapping, require
a comparative analysis of local impedance (LI) and LGE-MRI
data. This study aims to analyze correlations as basis for im-
provement of treatment strategies. 16 patients undergoing left
atrium (LA) ablation with LGE-MRI acquisition and LI data
recording were recruited. LGE-MRI data and LI measure-
ments were normalized to patient- and modality-specific blood
pool references. A global mean shape was generated based on
all patient geometries, and normalized local impedance (LIy)
and LGE-MRI image intensity ratio (IIR) data points were co-
registered for comparison.

Data analysis comprised intra-patient and inter-patient assess-
ments, evaluating differences in LIy values among datasets
categorized by their IIR. Due to substantial deviations in LIy
values, even within the same patient and IIR-category, discern-
ing the presence or absence of a correlation was challenging,
and no statistically significant correlation could be identified.
Our findings underscore the necessity for standardized proto-
cols in data acquisition, processing, and comparison, to mini-
mize unquantified confounding effects. While immediate sub-
stitution of LI for LGE-MRI seems improbable given the sig-
nificant LIy variations, this preliminary study lays the ground-
work for systematic data acquisition. By ensuring data quality,
a meaningful comparison between LI and LGE-MRI data can
be facilitated, potentially shaping future strategies for atrial ar-
rhythmia treatment.
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1 Introduction

Atrial arrhythmia affects 1 to 2% of the population, compro-
mising cardiac function, and increasing the risk of throm-
bus formation [7]. Catheter ablation, a primary therapeutic
approach, targets electrical isolation of pathogenic substrate.
While pursuing individualized treatment strategies, their effi-
cacy yields ambiguous outcomes [2]. Methods to characterize
left atrium (LA) substrate exhibit discrepancies in identifying
the location and extent of arrhythmogenic areas [6].

Late gadolinium enhanced magnetic resonance imaging
(LGE-MRI) discerns substrates by highlighting scar tissue
through substantially higher contrast agent concentration com-
pared to healthy myocardium during the late enhancement
phase [1]. Secondary effects of the contrast agent together with
elevated time and cost requirements are the main drawback of
this technique. Contrarily, local impedance (LI) measurements
are employed to verify proper tissue contact by elevation over
the blood pool value (LIgp) and to assess successful lesion for-
mation with a drop of 10 to 20% from its initial value [4].
As LI represents a reciprocal quantity to local conductivity, it
holds the potential to characterize substrate based on its elec-
trical properties, independent from a depolarization wave.

However, to our knowledge, a direct comparison between
LI and LGE-MRI is lacking. Such a comparison holds promise
in providing insights into the existence and extent of a po-
tential correlation. Thus, this preliminary study seeks to elu-
cidate relevant factors influencing the comparison of LI and
LGE-MRY], identifying challenges to inform a study design in-
corporating adequate mitigation strategies.

2 Methods

2.1 Clinical Cohort - Data Collection

Clinical data were collected for 16 patients (6 female) with
an average age of 66.53 £+ 11.73 years diagnosed with atrial
tachycardia (5 atrial flutter, 3 paroxysmal atrial fibrillation, 8
persistent atrial fibrillation) at Hospital Clinic, University of
Barcelona. Patients underwent LA ablation procedures with
either the IntellaNav Stablepoint™ or IntellaNav Mifi™ OI
catheter, together with the Rhythmia HDx electroanatomical
mapping system (Boston Scientific, Marlborough, MA, USA).
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Fig. 1: Workflow for IIR and LI extraction and analysis. Geome-
tries used for mean shape generation are marked yellow.

inter-patient analysis

The pipeline of this preliminary study is shown in Figure 1.
A pre-procedural LGE-MRI image was obtained from each
patient no longer than two weeks prior to the ablation proce-
dure, ensuring minimal structural changes in the heart between
LGE-MRI acquisition and ablation.

LGE-MRI

The LGE-MRI data acquisition procedure is elaborated in
detail by Caixal et al. [3]. The voxel size was 1.25 mm X
1.25mm x 2.5 mm. IIR was derived by dividing the voxel val-
ues, post-processed using the ADAS 3D software (Galgo Med-
ical S.L.), by their patient-specific blood pool value, represent-
ing the signal intensity of blood. Employing threshold values
as defined by Benito et al. [1], the tissue was subsequently cat-
egorized into healthy (IIR < 1.20), interstitial fibrosis (1.20 <
IIR < 1.32), or dense scar (IIR > 1.32).

LI Recordings

Data were collected based on the operator’s discretion. The LA
shell was recorded with a mapping catheter. During the con-
secutive ablation procedure, Direct Sense™ technology was
employed to obtain measures of LI with a sampling frequency
of 20 Hz, along with contact force if available. Remapping was
performed as deemed necessary. LI values were acquired for
ablation points, focusing on dynamic changes during ablation,
rather than collecting a complete LI map of the LA.

2.2 LI Data Processing

In this paper, the term "ablation point" refers to the areas where
ablation was performed, each containing several data points
called samples. Each sample comprises the location of each
electrode, a LI value, and is assigned to the latest recorded
shell map based on its specific timestamp. While recordings
included samples for the entire ablation, during data process-
ing we extracted only normalized pre-ablative values repre-
senting the untreated substrate, available at ablation points.
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Blood Pool Value (Llgp)

The LIgp serves as a reference value, used for normaliza-
tion. To calculate a single LIgp value per patient, samples
corresponding to each LA shell map with consecutive abla-
tion points were accumulated, following criteria adapted from
Unger et al. [9]: Samples located outside the LA or with a dis-
tance exceeding 100 mm were discarded. Samples’ 1.5 s mov-
ing average filtered values were required to show "small os-
cillation" and "small absolute difference” in a window of 1 s.
Thresholds of 180 2 for IntellaNav Stablepoint™ and 210 Q2
for IntellaNav Mifi™ accounted for sheath artefacts.

To assemble the blood pool, we selected samples itera-
tively based on the distal electrode’s distance to the LA shell.
For each map, an initial reference distance of 20 mm was cho-
sen and iteratively reduced in 1 mm decrements until either
a total of 70 samples adhering to the criteria were found or
the reference distance fell below 7mm. The patient specific
minimal accepted distance (MAD) was computed by adding a
3 mm margin (as long as staying above 7 mm) to the maximum
of terminal reference distances of all maps. Thereby, all pre-
selected samples with distances greater than or equal to MAD
were appended to a global array and weighted (w;) based on
their distance to their LA shell map (D2S). The patient-wide
LIgp was then calculated considering a total of L points:

L
: L LL
Llgp = %; with w; = D2S; — MAD 41,
i=1Wi

Point Processing

We derived a single LI value and location from the grouped
samples and catheter electrode positions for each ablation
point meeting the following reliability criteria. Ablation points
with the distal electrode more than 6 mm from the LA
shell for the recorded sample with "Ablation On" comment
(ON-sample) were removed considering the mean relative mo-
tion of the catheter to the atrial wall, potential wall deforma-
tions, and map resolution limitations. If not stated differently,
it is referred to values filtered with a 1.5s moving average.
Based on a priori knowledge of the range of LI and conduc-
tivity, only points with ON-sample values below 135% of the
LIgp were accepted to mitigate artifacts. When available, con-
tact force served as an additional check, with values below 5 g
indicating potentially poor catheter-tissue contact [8].

Sample selection ensured a stationary catheter position,
requiring the distal electrode of the catheter to remain within
an area of 6 mm Euclidean distance of the ON-sample loca-
tion. To ensure stability, a threshold was set to the LI value of
the ON-sample & 2.5% of the LIgp. Samples were considered
up to the first threshold transgression by the moving average
filtered data. If at least 20 samples remained, the mean location
and the median LI value were calculated and extracted as the
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location and value of the ablation point. To prevent superim-
posed spatial inaccuracy, the proximity of the calculated loca-
tion to the LA shell was re-evaluated, excluding points with a
distance over 6 mm. To ensure comparability with LGE-MRI
values, we only examined substrate properties that were not
altered by previous ablation. For every ablation the 10 near-
est neighbors on the LA shell map were annotated as ablated,
accounting for the catheter’s diameter. However, if any point
within this point cloud was previously annotated as ablated,
the current point was excluded from the comparison.

Due to the absence of ground truth, three categories for
point usability, differently accounting for interference between
ablation points, were compared against each other. The first,
considering all ablation points annotated as the first ablation
(all 1°¢ Abl), the second, additionally requiring LI>LIgp+8 €2,
and the third category, additionally excluding points if they
fell within a safety area with a radius of 6 mm surrounding
previously ablated points potentially indicating edema.

2.3 Point Registration and Comparison

For data comparison, one global mean shape was generated
with Scalismo (Scalable Image Analysis and Shape Modelling
Software) utilizing all patient geometries of both modalities.
The process was adapted from Nagel et al. [5] and involved
rigid alignment, establishment of point-wise inter-object as-
sociation (correspondence), and creation of a continuous de-
formation field. The learned shape variations were stored in
a low-rank Gaussian process isomorphic to a reference mesh
which, when the Gaussian process’ parameters were set to
their mean value, coincided with the mean shape.

Next, IIR and normalized local impedance (LIy) were co-
registered through backward and forward registration to mean
shape instances, respectively, entailing iterative closest-point
alignment, establishment of correspondence using Gaussian
processes, and transfer of corresponding value information. To
determine a satisfactory average fit, a threshold of 3 (unitless,
order of mm) was set for the Chamfer distance of both mono-
modal maps to the mean shape. To minimize information loss
for the denser IIRs, the k nearest points were interpolated, with
k = [%] Comparison was done for each location
with an LI value if the directional distance from the particular
point to the fitted instance of the mean shape model for LI,
and conversely, from the fitted mean shape to the nearest point
in the IIR map, was below 4.5 (unitless, order of mm). The fi-
nal IIR assignment included the 10 nearest neighbors and was
conducted either by calculation of the median of all 10 nearest
neighbours (medy)) or of the median of those points belonging
to the majority category among the 10 individually character-
ized nearest neighbors (medy,y;).
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3 Results

Acknowledging the absence of a ground truth for substrate

non

properties, we categorized points as "healthy", "interstitial fi-

brosis", or "dense scar" based on IIR thresholds.

Intra-Patient-Comparison

When examining individual patients, the analysis focused on
the variability within LIx values within one IIR category and
the variability of LIy data between IIR categories. Presenting
results for all 1°¢ Abl contains the most possible data points
for comparison. Limited data points (<10) in multiple patients
necessitated evaluation based on representative cases. While
some patients had only one category (healthy) represented,
others featured points from all IIR categories. Inside one rep-
resentative patient, LIy values ranged from -0.04 to 0.34 for
healthy and scar tissue, there was one single value for fibrosis.

Inter-Patient-Comparison

Including all patients’ points, all methods of point usability
assessment were considered. Considering edema, there were 6
healthy and one scar point; all points ranged from 0.06 to 0.3.
For the other two usability categories resulting point quantities
(#p) and bar plots of values are presented in Figure 2.

LI> Llg,+8Q2 All 15t Ablations
#p=19/18 #p=30/29
Scar ’—E:E _E:'
Fibrotic S — (gp =2 /3) T« F— #p=8/9
ety =2 | 12228
0.1 0.2 0.3 -0.1 0 0.1 0.2 0.3 LIy

Fig. 2: Barplots for LIy, showing median, 25 and 75%-iles and
ranges. |IR assignment was done using medy, (colors) or medms
(grey). Point quantities (#p) are given in corresponding order.

Points were primarily located adjacent to the pulmonary
veins. Different IIR assignment methods led to partially dif-
ferent results. The limited data set precluded robust statistical
analysis when considering edema or for fibrosis in the case of
LI>LIgp+8 2. IIR medians of healthy and fibrotic all 15t Abl
data differ significantly at the 5% significance level when us-
ing med,) but not with med,,,;. For all 15¢ Abl we employed
Tukey’s HSD test to assess mean differences. Healthy and fi-
brotic point groups show a p-value of 0.0058 for med,;; and of
0.0124 for medy,,;; all other intra-category mean differences
are greater than 0.1. Notably, different IIR assignments, as
well as consideration of means instead of medians led to a dif-
ference in the significance of results, particularly when com-
paring healthy versus fibrotic areas in all 1°¢ Abl.
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4 Discussion

The primary finding of our study is the wide variation in results
based on diverse criteria combinations and their significant im-
pact on data processing and analysis outcomes, highlighting
the need for cautious interpretation. We observed limited in-
formative value in the results, emphasizing the necessity for
statistical analysis beyond p-values and intra-group deviation.
Notably, the same dataset was found to exhibit both significant
and non-significant correlations depending on criteria selec-
tion. Due to overlapping unquantified influences, we could not
draw any conclusions regarding the potential interdependence
of LI and LGE-MRI data of LA tissue.

The substantial deviation of LIy values within individual
patients suggests that the LIgp is not the only challenge for
conclusive substrate characterization by LI. Yet, the LIgp cal-
culation reflects a tradeoff between sample quantity and re-
liability. Skepticism regarding the trustworthiness of Llgp is
raised by its composite nature, unclear influences of surround-
ing structures, and by LI values below LIgp. Due to the over-
all reduced statistical robustness of the results, the comparison
of all 1% Abl with or without exceeding LIgp by 80 did not
yield conclusive evidence. Therefore, ad-hoc Llgp measure-
ments before the ablation delivery are advisable for comparing
LI data.

The importance of conservative criteria for data reliabil-
ity was balanced against the loss of information content due to
the reduction of data points. In the clinical setup, LI is primar-
ily used as a validation technique for lesion delivery, which
demands less accuracy and tracking than absolute value anal-
ysis. We could not conclude on the impact of influences or de-
termine a criteria combination yielding enough reliable data to
assert a potential correlation. Thus, more trusted LI measure-
ments are needed to infer a potential correlation. If ethically
justifiable, recording LI prior to any ablation could mitigate
the vast point exclusion and enhance information content.

Further examination of deviations could involve repeated
measurements in a single area, accounting for spatial inaccu-
racy by assessing large areas with homogeneous IIR, or sepa-
rate analysis for different LA regions. Consistency by using a
single catheter, measuring with uniform contact force, main-
taining an upright orientation of the catheter to tissue, and
tracking respiratory and cardiac motion could minimize vari-
ability in LI. In the short term, due to the high deviations ob-
served in intraoperative LI, full replacement of LGE-MRI data
by LI measurements for substrate assessment seems unlikely.
Nonetheless, clinical studies with standardized protocols that
ensure data quality are desirable. Such studies facilitate robust
and meaningful investigation, contributing to a deeper under-
standing of interrelations that may lead to complementary di-
agnostics or improved treatment of atrial arrhythmias.
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5 Conclusion

Our findings underscore the necessity for standardized pro-
tocols in data acquisition and processing to minimize uncon-
trolled confounders when comparing two substrate characteri-
zation methods such as LGE-MRI and LI.
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