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Abstract: Atrial fibrillation (AF) is the most common sus-
tained arrhythmia posing a significant burden to patients
and leading to an increased risk of stroke and heart failure.
Additional ablation of areas of arrhythmogenic substrate in
the atrial body detected by either late gadolinium enhance-
ment magnetic resonance imaging (LGE-MRI) or electro-
anatomical mapping (EAM) may increase the success rate of
restoring and maintaining sinus rhythm compared to the stan-
dard treatment procedure of pulmonary vein isolation (PVI).
To evaluate if LGE-MRI and EAM identify equivalent sub-
strate as potential ablation targets, we divided the left atrium
(LA) into six clinically important regions in ten patients. Then,
we computed the correlation between both modalities by ana-
lyzing the regional extents of identified pathological tissue. In
this regional analysis, we observed no correlation between late
gadolinium enhancement (LGE) and low voltage areas (LVA),
neither in any region nor with regard to the entire atrial surface
(−0.3 < 𝑟 < 0.3). Instead, the regional extents identified as
pathological tissue varied significantly between both modali-
ties. An increased extent of LVA compared to LGE was ob-
served in the septal wall of the LA (�̃�sept.,LVA = 19.63% and
�̃�sept.,LGE = 3.94%, with �̃� = median of the extent of patho-
logical tissue in the corresponding region). In contrast, in the
inferior and lateral wall, the extent of LGE was higher than
the extent of LVA for most geometries (�̃�inf.,LGE = 27.22%

and �̃�lat.,LGE = 32.70% compared to �̃�inf.,LVA = 9.21%

and �̃�lat.,LVA = 6.69%). Since both modalities provided dis-
crepant results regarding the detection of arrhythmogenic sub-
strate using clinically established thresholds, further investiga-
tions regarding their constraints need to be performed in order
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to use these modalities for patient stratification and treatment
planning.
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1 Introduction

Worldwide more than 43.6 million individuals are affected by
AF, which is the most common sustained arrhythmia associ-
ated with cardiovascular mortality [1, 2]. The current treatment
option for restoring and maintaining sinus rhythm consists
of the isolation of the pulmonary veins (PVs) by performing
catheter ablation, since triggers of AF are frequently located
in these areas [3]. However, the long-term success rate regard-
ing the freedom from AF recurrence for patients with contin-
uously sustained (persistent) AF is below 50% [4, 5]. A pos-
sible reason may be the presence of non-PV triggers, such as
electrical rotors or focal sources in combination with a vulner-
able substrate for AF maintenance [6, 7]. The latter may occur
due to electrical or structural remodeling, which includes in-
terstitial fibrosis or cellular degeneration. Additionally target-
ing these structures may result in an increased success rate of
freedom from AF recurrence [8–10]. Commonly used acqui-
sition modalities to detect arrhythmogenic substrate are LGE-
MRI and EAM. To compare locally if LGE-MRI and EAM
identify equivalent substrate as potential ablation targets, we
divided left atrial geometries into six clinically important re-
gions. Then, we used this division to quantitatively assess the
correlation between both modalities by analyzing the regional
extents of LGE measured by LGE-MRI and LVA measured by
EAM.

2 Methods

2.1 Data Acquisition

For this study, we investigated a data set consisting of ten (P01-
P10) LA geometries acquired at the University-Heart-Center
in Freiburg-Bad Krozingen [11]. All patients provided written
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informed consent and the protocol was approved by the insti-
tutional ethics committee of the University of Freiburg.

LGE-MRI was performed on a 3T cardiovascular mag-
netic resonance scanner (Siemens Healthineers, Munich,
Germany) and the LA geometries were segmented using
ADAS® software (Galgo Medical, Barcelona, Spain). To dis-
tinguish between pathological substrate and healthy tissue,
we used the image intensity ratio (IIR) with a threshold of
IIR > 1.2 [12, 13]. Normalizing the image intensities by the
mean blood pool value results in a decreased influence of pa-
rameters such as contrast dose, time of delay for image acqui-
sition after contrast dose injection and body mass index [12].

Bipolar voltage electrograms from high-density mapping
were obtained by using the CARTO® 3 mapping system
(Biosense Webster, Irvine, USA). All patients were mapped
during sinus rhythm prior to PVI. To distinguish between
pathological substrate and healthy tissue, we considered a
threshold of 𝑉bi < 0.5mV [9, 14].

2.2 Analysis

2.2.1 Atrial Division

To perform regional quantitative comparisons between both
modalities, we divided the LA geometries into six clinically
important regions: Septal wall, inferior wall, lateral wall, an-
terior wall, posterior wall and left atrial appendage (LAA). To
achieve a consistent and reproducible regionalization of the
atria, we developed a semi-automatic division procedure. First,
all geometries were re-meshed to a uniform mesh size [15].
Then, information on the PVs and the mitral valve (MV) were
excluded by semi-automatically clipping these structures [16].
For the regional division, the shortest geodesic paths between
the centers of the PV ostia were computed, as shown in Fig-
ure 1a. To determine the connections between the PV ostia and
the MV annulus, a plane defined by the mean of the left PV
(LPV) centers, the mean of the right PV (RPV) centers and the
MV center was established (see Figure 1b). Then, the vectors
from the mean of the LPV or RPV center to the LSPV/LIPV or
RSPV/RIPV center were calculated. By adding these vectors
to the corresponding septal or lateral intersection of the de-
fined plane with the MV ostium, the closest points on the MV
ostium were obtained. The boundary of the LAA was deter-
mined by the location where the salient structure merged into
the body of the LA. The center of the LAA was also used as
a reference point for the computation of the anterior boundary
of the lateral wall.

2.2.2 Statistical Analysis

The regional extent of pathological tissue was calculated by
dividing the number of mesh nodes exceeding the defined
thresholds by the total number of mesh nodes of the corre-
sponding region. This measure was applied, since the number
of nodes directly corresponded to the surface area due to the
uniform mesh size. The correlation between both modalities in
each region was determined by the Pearson correlation coeffi-
cient.

3 Results

Using the clinically established thresholds, there was no cor-
relation between the extent of detected LGE and LVA (Fig-
ure 2), neither in any analyzed region nor with regard to the
entire atrial surface (−0.3 < 𝑟 < 0.3). Moreover, in this
study cohort, we observed a tendency towards a negative as-
sociation between the extent of LVA and LGE, except for
the anterior wall. The septal wall showed an increased ex-
tent of LVA compared to LGE (�̃�sept.,LVA = 19.63% and
�̃�sept.,LGE = 3.94%, with �̃� = median of the extent of patho-
logical tissue in the corresponding region). In contrast, in the
inferior and lateral wall, the extent of LGE was higher than
the extent of LVA for most patients (�̃�inf.,LGE = 27.22% and
�̃�lat.,LGE = 32.70% compared to �̃�inf.,LVA = 9.21% and
�̃�lat.,LVA = 6.69%). In the posterior wall, we either observed
an increased extent of LVA and a lower extent of LGE or vice
versa. Regarding the LAA, no LVA was detected, while minor
extents of LGE < 30% were observed. Lastly, P02 and P03
showed an increased extent of LGE compared to LVA across
all regions, as exemplified for the inferior wall of P03 in Fig-
ure 3.

(a) Top view: Paths between
the PV ostia

(b) Lateral view: Computation of
the points on the MV ostium

Fig. 1: Boundaries creation of the LA: ■ Septal wall, ■ inferior
wall, ■ lateral wall, ■ anterior wall, ■ posterior wall, ■ LAA
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Fig. 2: Correlation of LVA and LGE extent in each region of the LA

4 Discussion

The examination of regional extents of LGE and LVA showed
no correlation between LGE-MRI and EAM using the estab-
lished thresholds per modality. Instead, we observed signifi-
cant discrepancies between both modalities across all regions,
mostly in accordance with previous reports [11, 17–19]. The
anterior wall is the only region in which a positive correlation
was found in our cumulative study, which is in line with the
highest concordance found there for point-by-point compari-
son [11]. A possible explanation for the discrepancy may be
the presence of smaller patches of pathological substrate lo-
cated on the epicardium, which are detected by LGE-MRI but
are hidden to the endocardial catheters of EAM [11]. More-
over, the identification of LVAs is not limited to the presence
of fibrotic tissue. Besides multiple technical implications af-
fecting the characteristics of the bipolar voltage map, such as
tissue contact force or angle of incidence, atrial dilatation and
mechanical stress influence the existence of LVA [20]. An-
other possible reason explaining the observed discrepancies
might be the lack of standardization with regard to the ac-
quisition procedure of LGE-MRIs, such as the time between
injection and image acquisition or the applied contrast agent
and dose [12]. Lastly, histological validation of native atrial
fibrosis would be desirable [19, 20].

Since some patients showed an increased extent of LGE
across all regions compared to LVA or vice versa, one might

suggest a global mismatch of the applied thresholds [11] - e.g.
P02 and P03 indicated an increased extent of LGE, while P07
showed an increased extent of LVA across all regions. How-
ever, other patients such as P04 or P06 exhibited an increased
extent of LVA compared to LGE in the septal and anterior wall,
whereas they showed an increased extent of LGE compared to
LVA in the inferior and lateral wall contradicting this sugges-
tion. Rather, this observation may be explained by anatom-
ical heterogeneities affecting e.g. the amplitude of bipolar
voltages. Consequently, the application of regional thresholds
may be more suitable [20, 21].

The increased extent of LGE compared to LVA in the in-
ferior and lateral wall may be caused by the proximity of the
descending aorta. Besides the possibility of friction or me-
chanical pressure leading to fibrotic development, this might
be due to partial volume artifacts of LGE in the wall of the
aorta [19, 22, 23].

Results regarding the LAA need to be interpreted with
caution, since the LAA was not entirely mapped for most ge-
ometries explaining the low extent of LVA in this region.

These findings need to be investigated further, since the
analyzed data set of ten patients in total might not capture the
variability of the tissue properties present in both modalities.

(a) IIR values
obtained by LGE-MRI

(b) Bipolar Voltages in mV
obtained by EAM

Fig. 3: Comparison of pathological tissue detected by LGE-MRI
and EAM in the infero-posterior view of P03. In the inferior wall,
we observed high extents of LGE spatially distributed across the
entire region (a), whereas only a small patch of LVA was identified
near the LIPV (b).

5 Conclusion

In this study, we show discrepancies between LGE-MRI and
EAM in the LA for regional cumulative analysis. The re-
gional extents of pathological tissue detected by LGE-MRI
and EAM exhibit noteworthy differences. To effectively utilize
these modalities for patient stratification and treatment plan-
ning, additional research is necessary to explore the constraints
of each modality.
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