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Abstract

Background -—Conflicting data have been reported on the association of left atrial (LA) late
gadolinium enhancement (LGE) with atrial voltage in patients with atrial fibrillation. The
association of LGE with electrogram (EGM) fractionation and delay remains to be examined. We
sought to examine the association between LA LGE on cardiac magnetic resonance (CMR) and
EGM abnormalities in patients with atrial fibrillation (AF).

Methods -—High-resolution LGE CMR was performed prior to EGM mapping and ablation in
AF patients. CMR features were quantified using LA myocardial signal intensity z-score (SI-Z), a
continuous normalized variable, as well as a dichotomous LGE variable based upon previously
validated methodology. EGM mapping was performed pre-ablation during sinus rhythm or LA
pacing, and EGM locations were co-registered with CMR images. Analyses were performed using
multi-level patient-clustered mixed effects regression models.

Results -—In the 40 AF patients (age 63.2 + 9.2 years, 1312.3 + 767.3 EGM points per patient),
lower bipolar voltage was associated with higher SI-Z in patients who had undergone previous
ablation (coefficient=—0.049, p<0.001), but not in ablation-naive patients (coefficient=-0.004,
p=0.7). LA EGM activation delay was associated with SI-Z in patients with previous ablation (SI-
Z: coefficient=0.004, p<0.001; LGE: coefficient=0.04, p<0.001) but not in ablation-naive patients.
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In contrast, increased LA EGM fractionation was associated with SI-Z (coefficient=0.012, p=0.03)
and LGE (coefficient=0.035, P<0.001) only in ablation-naive patients.

Conclusions -—The association of LA LGE with voltage is modified by ablation. Importantly,
in ablation naive patients, atrial LGE is associated with EGM fractionation even in the absence of
voltage abnormalities.

Graphical Abstract
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Introduction

Electrical isolation of pulmonary vein (PV) triggers from the left atrium (LA) is the
cornerstone strategy of atrial fibrillation (AF) ablation.:2 However, LA myocardial
substrates are increasingly recognized to play an important role in AF perpetuation. Previous
studies have demonstrated several mechanisms including scar related or functional
conduction heterogeneity, and variations in effective refractory periods due to autonomic
ganglionated plexus activity.3 4 Recent studies support the use of atrial substrate assessment
by late gadolinium enhancement (LGE) cardiac magnetic resonance imaging (CMR) for
identification of functional reentry substrates and prediction of ablation prognosis.4=®
Indeed, the extent of LGE on CMR is associated with recurrent AF following ablation.”
Although an association between complex fractionated atrial electrogram and atrial LGE on
CMR has been reported in persistent AF patients, the association of LGE CMR-detected
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atrial substrates with intracardiac electrogram (EGM) abnormalities during basal rhythm has
rarely been examined.

Methods

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Study Population

This study prospectively enrolled drug-refractory symptomatic patients who presented for
AF ablation at the Hospital of the University of Pennsylvania between January 2017 and
April 2018. The study was approved by an institutional review committee and that all
patients gave informed consent for the use of imaging and ablation data for medical research
before the procedure.

CMR Acquisition Protocol

Pre-procedural, 3D navigator-gated LGE CMR was acquired prior to AF ablation. CMR
images were performed on a 1.5-Tesla scanner (Avanto, Siemens Medical Imaging,
Erlangen, Germany), with a cardiac-phased array receiver surface coil and
electrocardiographic gating. Magnetic resonance angiographic TWIST sequence was
obtained immediately following injection of 0.2mmol/kg gadoterate meglumine contrast
(Dotarem; Guerbet LLC, Bloomington, IN) to define LA and PV anatomy (field-of-view of
340-390mm, echo time of 0.93-0.98ms, repetition time of 2.6ms, in-plane resolution of
1.22x1.22mm, and slice thickness of 1.2mm). LGE CMR images were acquired 15-20
minutes following contrast injection using a 3D inversion-recovery gradient-echo pulse
sequence, with respiratory navigation and electrocardiographic gating (field-of-view of 350-
390mm, echo time of 1.3-1.6 ms, repetition time of 700-870ms, inversion time of 310—
350ms, in-plane resolution of 1.37x1.37mm, and slice thickness of 1.5mm,). The trigger
time for the 3D LGE CMR scan was optimized to obtain data during LA diastole with
individual adjustment of the inversion time, based upon TI scout, to optimize nulling of LA
myocardium.

CMR Image Analysis

All CMR studies were segmented using ADAS software (Galgo Medical SL, Barcelona,
Spain). The LA LGE 3D segmentation process is displayed in Figure 1. The mid LA
myocardium was manually contoured on each image. Following identification of the mid LA
myocardial contour, the software automatically segmented the LA blood pool by creating an
internal contour, which is 5 mm smaller in each radial dimension than the manually drawn
mid LA myocardial contour. The signal intensity of voxels on the mid LA myocardial
contour were recorded and normalized by dividing the signal intensity of each voxel by the
mean blood pool signal intensity to yield the image intensity ratio (IIR), as previously
validated.? A 3D LA myocardial model was then created using the manual contours.
Enhanced myocardial tissues with IIR above 1.2 were defined as atrial LGE. The correlation
of atrial substrates detected by electrogram (EGM) mapping and CMR IIR has been
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demonstrated previously.1® Normalized LA signal intensity was also analyzed using signal
intensity Z-scores as previously described.1!

Transseptal Access, Mapping and Ablation

The standard mapping and AF ablation techniques at the Hospital of the University of
Pennsylvania have been previously described!2. Briefly, intravenous heparin was
administered to achieve an activated clotting time of >350 s before trans-septal access.
Under the guidance of fluoroscopy, two long 8.5 Fr. Trans-septal sheaths (Agilis and SL-1,
St. Jude Medical, St. Paul, Minnesota) were advanced over a long guidewire to the superior
vena cava and a flushed BRK trans-septal needle (St. Jude Medical) was introduced into the
Agilis/SL-1 sheaths. Then, the BRK needle was utilized to puncture through the atrial
septum and the whole system was advanced into the LA carefully under fluoroscopy and
intra-cardiac echocardiography (ICE, 8 Fr., AcuNav, Biosense Webster, Diamond Bar,
California) monitoring. In patients presented in AF, cardioversion was performed before
mapping. EAM maps were created during sinus rhythm or distal coronary sinus pacing (LA
pacing) using the PentaRay (20 electrodes with 2-6-2 mm spacing) or Lasso catheter
(Circular 20-electrodes catheter) by the Carto 3 system (Biosense Webster Inc., Diamond
Bar, CA). Mapping was performed with an equal distribution of points using a fill threshold
of 15mm. ICE, orthogonal fluoroscopy, and EGM characteristics were used to confirm
adequate contact and reliable mapping under sinus rhythm or coronary rhythm per
physician’s choice. After LA voltage mapping, radiofrequency ablation was performed using
a 3.5mm open-irrigated Thermocool®, Thermocool Smarttouch or Thermocool Smarttouch
SF (Biosense Webster Inc.). with wide antral PV isolation together with ablation of
spontaneous or inducible non-PV triggers3: 14, Bidirectional PV entrance and exit block
was confirmed and adenosine administration was used to survey acute PV reconnection with
further ablation as necessary.

Electroanatomic Map Registration

The segmented LGE-CMR images were co-registered with electroanatomic (EAM) maps
using the CartoMerge module (CARTO 3, version 6). Mapping points were extracted from
the CARTO workstation and imported into LGE-CMR images utilizing ADAS software. All
points were registered and projected onto a LA 3D model off-line to pre-ablation LGE
images with sample points. Amongst them, points close to the pulmonary vein, valve, aorta,
artifact, overlap of EGMs or no continuous stable EGMs were manually excluded.

Distance between the EGM to the nearest LGE-segmented LA shell was calculated by
ADAS software. The continuous Sl z-score and LGE dichotomy of the voxels on the mid
LA contour neighboring each mapping point were tabulated to evaluate the correlation
between voltage, signal intensity, and LGE.

Measurements of Atrial Electrogram Characteristics

Atrial activation time was measured from the reference EGM to the LA point off-line at 200
mm/s speed on the CARTO workstation. The time delay between the proximal coronary
sinus atrial signal and the sampled EGM point was measured when mapping during sinus
rhythm. On the other hand, activation time was measured from the pacing spike to the
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sampled point EGM when mapping during LA pacing at the rate between 650ms to 850ms,
slightly faster than the underlying sinus rate. We also sampled forty points that were
registered to normal atrial myocardium from the LA anterior and posterior wall in each
patient with distance between EAM map and LGE-segmented 3D LA shell model less than
3 mm and compared to all points registered to atrial LGE regions. EGM fractionations were
quantified using previously validated methodology® for points within 3 mm of the LA shell.
EGMs were identified semi-automatically using a custom software. First, all peaks were
identified on the bipolar atrial EGMs recorded by catheters, using a peak extraction
algorithm.16 Both positive peaks and negative peaks were separately extracted from the data
using parameters that have been manually optimized for the properties of the recorded
signal. The results of the peak detection on signal samples were visually verified. Second the
set of peaks was parsed to identify individual complexes. Third, the basic parameters for
each EGM complex were extracted, such as number of peaks, start and end of EGM. Sample
results were again directly visually verified, to make sure they match manual results from
experts.

Atrial bipolar EGM deflections exceeding 6 peaks and troughs were defined as abnormally
fractionated as illustrated in Figure 2A and the custom software-detected EGM
fractionations are displayed in Figure 2B.

Statistical Analysis

Results

Continuous variables are expressed as mean + standard deviation and categorical variables
as number and percentage. The association of EGM characteristics as dependent variables
with Sl Z-score, and LGE presence were examined using mixed-effects multi-level
regression models, clustered by patient. Two-sided p values <0.05 were considered
statistically significant. All analyses were performed using STATA version 13 (StataCorp,
College Station, Texas).

Baseline characteristics, CMR imaging features and procedure data

This study cohort included 40 patients (75% male, mean age 63.2 £ 9.2 years). The baseline
clinical, CMR imaging features and procedure data of patients are summarized in Table 1.
Thirty-one patients (77.5%) had paroxysmal AF and twenty-four patients (60%) had not
undergone a prior ablation. Nine patients (22.5%) presented in AF at the beginning of the
procedure and underwent cardioversion before EAM mapping. Twenty-eight patients (80%)
acquired EAM voltage mapping during sinus rhythm.

CMR studies were performed at a median of 12 days prior to the procedure (interquartile
range: 7.5-21.8 days). The median Sl Z-score corresponding to EGM points was —0.14
(IQR: -0.6-0.5). The mean of total LA surface area was 117.8 + 30.7 cm? and the mean LA
LGE area was 14.8 + 16.3 cm?. Following image to EAM co-registration, the mean
registration error was 2.7 £ 1.8 mm.
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Correlation of FAM Voltage and CMR SI

Association

Excluding intra-PV points, 31,334 EGM points were registered to LGE CMR images in
total. The mean number of EGM points were 1312.3 + 767.3 per patient. Of these points, we
then focused on 4728 points that were manually identified from the images to satisfy the
following criteria: a) adequate distance from the pulmonary veins to exclude venous tissue
signal intensity overlap, b) adequate distance from the aorta and mitral valve to exclude
image signal intensity bias due to fibrous and vascular tissues, c) lack of any breathing,
movement, or slow flow image artifacts, d) a contact signal as determined by two stable
electrograms, and e) lack of overlap on adjacent points. The median bipolar voltage was
1.4mV (interquartile range (IQR): 0.8-2.1 mV). In patient clustered, mixed-effects multi-
level linear regression models, LA bipolar voltage was negatively associated with SI-Z
(coefficient=—0.027, z=—4.48, p<0.001, 95% CI: —0.039 - —0.015. These results were
summarized in Table 2. Among all fractionated EGMs, 29.8% were located in low voltage
areas (<0.35mV), and 70.2% were located in normal voltage areas.

of CMR Atrial LGE with EGM Abnormalities

The EGM characteristics of points which co-localized to atrial LGE (defined as I1R>1.2)
were compared to those registered to the normal myocardium of each patient. Figure 3
displays the EGM characteristics of points projected to the normal myocardium and atrial
LGE. Delayed activation and fractionation were observed on EGM points acquired within
LA LGE. Interestingly, many EGM points within LGE regions revealed normal bipolar
voltage amplitude but increased EGM fractionation as shown in Figure 4. Among ablation
naive patients, higher SI Z-score was associated with increased EGM fractionation while
bipolar voltage and delay of EGM activation were not. Furthermore, LGE, defined as
IIR>1.2, was also associated with EGM fractionation. Among patients with redo procedures,
higher SI-Z was associated with bipolar voltage and delayed atrial EGM activation, but not
with EGM fractionation. LGE was also associated with delayed EGM activation (Table 2).
Left atrial substrate comparison between EAM voltage map and LGE-CMR are shown in
Figure 5.

Discussion

Association

This study demonstrates that among patients with drug-refractory symptomatic AF with and
without prior AF ablation, LA myocardial LGE on CMR is associated with EGM
abnormalities beyond low voltage, including delayed activation and fractionation.

of LGE with EGM voltage amplitude

Previous studies have shown an association between LA bipolar endocardial voltage and
LGE CMR. Low voltage region size was also associated with the extent of LGE on CMR.5: 9
Our previous work normalized the measurement of signal intensity on LGE CMR, as IIR,
and demonstrated that IR thresholds of >0.97, >1.20, and >1.61, correspond to voltage

<0.5, <0.35, and <0.1 mV, respectively.® 17 Zghaib et al.10 further characterized the
correlation between point-by-point (PBP), multipolar mapping and LGE-CMR mapping of
left atrium in delineating atrial substrate in AF patients. In the latter study, the 40t percentile
of voltage amplitude distribution on multipolar mapping was 0.28mV as opposed to 0.42
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mV in PBP mapping which suggests that a lower threshold is appropriate with multipolar
acquired maps as compared to PBP maps to define the low voltage substrate. Regardless of
thresholds, however, some discrepancies between voltage mapping and LGE CMR-detected
substrates are often visible and have been reported. Muser et al.18 illustrated the possibility
that abnormal ventricular EGM may be misinterpreted as “normal EGM” according to peak-
to-peak bipolar voltage criteria. The presence of high-frequency fractionated near-field
components next to lower frequency healthy voltage EGMs is relatively common. Our
current clinical practice is to use 0.2-0.45mV as a voltage range indicative of low voltage
regions and < 0.2mV as scar on EAM map. However, a simplified view as such is always
supplemented by the possibility of “normal” voltage amplitude accompanied with abnormal
fractionated components as displayed in Figure 3. Integration of LGE CMR into the clinical
workflow may enhance our ability to find such substrates not readily identified by voltage
mapping. Indeed, our study suggests that among patients with prior ablation, atrial LGE
mainly exhibit scar from ablation. Our prior work has shown that scar from ablation often
exhibits higher intensity and decreased wall thickness when compared to regions with pre-
existing fibrosis.1® Ostial regions with LGE gaps correlated to PV reconnection (not
necessarily the earliest signal) on EAM. However, as previously reported by our group,2° the
presence of LGE did not preclude the presence of reconnection. This is explained by the
limited resolution of CMR, which may not detect small conducting fibers in the ablation
path. The current study also demonstrates that EGM fractionation is associated with de novo
LA LGE, but unassociated with ablation scar LGE.

A prior study by Jadidi er a/?! suggested that EGM fractionation in sinus and coronary
sinus-paced rhythms often results from wave collision, which means many fractionated
EGMs are functional in nature and unassociated with fixed structural abnormalities.
Accordingly, they concluded that targeting all fractionated LA EGMs during sinus rhythm or
coronary sinus-pacing is an inappropriate strategy. Our results showed a strong association
between LA LGE and EGM fractionation, which suggests that at least some sites with EGM
fractionation exhibit poor contrast reuptake despite normal voltage and LA LGE likely
signify structural changes such as expanded extracellular space, fat infiltration, or
inflammation. Strikingly, the EGM fractionations specifically correlate with de novo LGE
and not previous ablation scar. These atrial substrates may enhance functional reentry and
AF perpetuation. Beyond the current mainstream ablation strategy — PV isolation, and
various patient-tailored AF substrate ablation approaches—focal impulse and rotor
modulation,?2-24complex fractionated EGM modification2®, dominant-frequency ablation,26
and low bipolar voltage area modification,?”- 28 LGE on CMR may also indicate
arrhythmogenic sites as potential ablation targets.

At present, there are various methods and software to define atrial LGE by LGE-CMR. In
addition to the 11IR method as described above,? the full width at half maximum (FWHM)
technique and n-standard deviation thresholds above the mean signal in the nulled
myocardium, are also performed to detect LGE CMR atrial substrates and applied to patient-
tailored ablation strategies.5: 2930 One of the great challenges in streamlining research and
clinical applications in this area is the development of a standardized methodology with
adequate generalizability, reproducibility, and accuracy. Future collaboration among
investigators is necessary to achieve this task.
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We believe our results lend further mechanistic support to the ongoing prospective,
multicenter study: DECAAF 11 (), which is designed to compare the conventional PVI
ablation to PVI plus fibrosis-guided ablation in 888 persistent AF patients and we await the
results of this exciting study.

Study Limitations

The current study has several limitations. First, this is a single-center study with a relatively
small sample size. Due to the small sample size, the statistical models did not adjust for
potential confounders. However, given the analytic method that clustered data at the patient
level to examine within patient association of EGM characteristics with signal intensity z-
scores and a validated binary variable based on LGE, no known significant potential
confounders are anticipated. Second, our results may be influenced by the accuracy of
CMR-segmented LA image to EAM map registration. However, the registration process was
optimized by “landmark” registration with three distinct anatomic points, followed by
“surface” registration. The accuracy of image registration by this approach had been
previously validated.3! Third, the gold standard to define atrial scar is confirmed by tissue
histology as muscle bundles which are replaced and interspaced by connective tissue.32 Such
histology is unavailable in observational studies of patients undergoing AF ablation.
However, we do not claim any association between LGE and specific histologic changes.
Rather, we report an association between EGM abnormalities previously recognized to
underlie functional and fixed reentry, and LGE. Fourth, atrial activation does not occur
sequentially between coronary sinus to the sampled atrial EGM during sinus rhythm which
may bias the measurement of activation delay. However, EGM timing in the coronary sinus
relative to timing in the high right atrium was stable throughout the ablation procedure.
Also, the onset of p wave was obscure in severely diseased atrium. To standardize the
calculation of time delay of atrial EGM, we chose the coronary sinus EGM as our reference.
Fifth, of all patients 70% underwent voltage mapping during sinus rhythm and 30%
underwent voltage mapping during distal coronary sinus pacing. Importantly, the rhythm and
thus direction of propagation stayed stable within each patient and statistical comparisons
are clustered per patient, taking into account any variability that may be due to interpatient
differences in propagation direction.

Conclusions

The association of LA LGE with voltage is modified by ablation. Atrial LGE is associated
with delayed EGM activation and fractionation even in the absence of voltage abnormalities.
Identification of atrial LGE by CMR illustrates physiological significance and may provide
functional reentry targets for ablation.
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Refer to Web version on PubMed Central for supplementary material.
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What is Known

. The association of left atrial late gadolinium enhancement with voltage is
modified by ablation.

. Left atrial late gadolinium enhancement on cardiac magnetic resonance
imaging is associated with electrogram fractionation and/or delay.

“What the Study Adds”

. Identification of left atrial late gadolinium enhancement on cardiac magnetic
resonance imaging can associate with the abnormal electrogram beyond
voltage in atrial fibrillation patients, which may serve as functional reentry
and lends mechanistic support to current studies to target abnormal substrates.
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Figure 1.
Left Atrial Segmentation and Three-Dimensional Left Atrium Model. The left atrium is

manually contoured on three-dimensional, high-resolution late gadolinium enhancement
cardiac magnetic resonance images and visualized in all three axes (A-C). The left atrial
three-dimensional model with posterior wall substrate in an ablation-naive patient is
displayed (D).
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Figure 2.
Definition of fractionated atrial electrograms. The figure illustrates the measurement process

for the number of deflections within each electrogram. Electrograms were displayed at a
sweep speed of 200 ms. Then the number of deflections was measured as the number of
peaks plus troughs. In this example, 9 deflections are noted on the atrial electrogram
recording, consistent with abnormal electrogram fractionation.
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Figure 3.
Illustration of CMR LGE-detected atrial substrate and EGM characteristics. (A) The panel

shows a postero-anterior view of a left atrial bipolar voltage map, which is registered to the
left atrial CMR segmentation from panel B. Note that the voltage map shows no significant
cohesive low amplitude areas within the left atrial body. (B) The panel demonstrates the left
atrial CMR segmentation with color thresholds defined by image intensity ratio (IIR) from
the same patient. The bipolar voltage map from panel A is hidden. Electrograms acquired
from points corresponding to predefined IIR thresholds are displayed. A normal EGM is
noted in a region with IIR < 1.2 as EGM 1. A delayed and fractionated EGM with borderline
low voltage is noted in a region with IIR > 1.6 as EGM 2. Importantly, a large region with
intermediate 1IR (between 1.2 to 1.6) displayed normal bipolar voltage (>0.50mV) with
fractionated EGMs suggestive of electrical disease (EGM 3).
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Figure 4.

Illustration of CMR LGE-detected atrial substrate and EGM characteristics. (A) The panel
demonstrates an anteroposterior view of an electroanatomic left atrial map in a patient with
prior pulmonary vein isolation. Regions with low voltage are noted surrounding but not
encircling the pulmonary veins, as well as in the septal peri-mitral area. (B) The panel
demonstrates left atrial CMR segmentation from the same patient with color thresholds
defined by IIR in the same orientation as in panel A. A representative electrogram acquired
from a point corresponding to IR between 1.2-1.6 and normal bipolar voltage (1.38mV)
demonstrates fractionation and >80 ms delay compared to the proximal coronary sinus
signal suggestive of electrical disease.
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Figure 5.

Cgmparison of atrial substrate on EAM voltage map and LGE-CMR shell. Panels 5A and
5B: ablation-naive patient with normal LA voltage but increased EGM fractionation on
posterior LGE region on CMR shell; Panels 5C and 5D: Re-do ablation patient with chronic
isolated right PVs and reconnected left PVs, compatible with low voltage at the antrum of
right PVs on EAM and abnormal atrial myocardium on LGE-CMR; Panels 5E and 5F: Re-
do ablation patient with normal voltage, but delayed atrial EGMs (arrow) on left PV antrum,
corresponding to the atrial substrate (arrow) on LGE-CMR; Panels 5G and 5H: Electrical
reconnection of right PVs. EGMs shows normal voltage at right PV antrum. Few EGMs
show delayed activation at scarce atrial substrate region on CMR.
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Baseline Characteristics, CMR imaging features and Procedure data

Table 1.

Baseline Characteristics

N 40
Age (years) 63.2+9.2
Male (%) 30 (75)
Paroxysmal atrial fibrillation (%) 31 (77.5)
Left ventricular ejection fraction (%) 59.2+6.1
Hypertension (%) 23 (57.5)
Diabetes mellitus (%) 2 (5)
Congestive heart failure (%) 2 (5)
Ischemic stroke/transient ischemic attack (%) 5(12.5)
Coronary artery disease (%) 5(12.5)
Chronic obstructive pulmonary disease (%) 3(7.5)
Obstructive sleep apnea (%) 8 (20)
Peripheral artery disease (%) 3(7.5)
CHA2DS2-VASc score 20+1.2
0 2(5)
1 15 (37.5)
2 11 (27.5)
3 7(17.5)
4 3(7.5)
5 2(5.0)
Prior ablation 0.6+0.9
0 24 (60)
1 9 (22.5)
2 5 (12.5)
3 2(5)
Cardiac Magnetic Resonance imaging features
Left atrium volume measured by CMR (ml) 80.3£29.7
Late Gadolinium Enhancement area (11IR>1.2), cm? | 14.8 +16.3
Late Gadolinium Enhancement area (11R>1.2), % 12.6 £13.2
Late Gadolinium Enhancement area (11IR>1.6), cm? | 1.4+3.1
Late Gadolinium Enhancement area (1IR>1.6), (%) | 1.1+2.6
Signal intensity z-score of sampled points (IQR) -0.14 (-0.6~0.5)
Procedure data
Mapping rhythm: Sinus rhythm (%) 28 (70)

Electroanatomical map points

1312.3+767.3

Electroanatomical map points for analysis

123.9 +120.4
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Baseline Characteristics

Bipolar Voltage mV (IQR: 25-75 quartile)

1.4(0.8-2.1)

IQR: interquartile range
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