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Abstract

Background—The measurement of late gadolinium enhanced MRI (LGE-MRI) intensity in
arbitrary units (au), limits the objectivity of thresholds for focal scar detection and inter-patient
comparisons of scar burden.

Objective—We sought to develop and validate a normalized measure, the image intensity ratio
(IIR), for assessment of left atrial (LA) scar on LGE-MRI.

Methods—ECG- and respiratory-gated 1.5 Tesla LGE-MRI was performed in 75 patients (75%
male, 62+8 years) prior to atrial fibrillation (AF) ablation. The local IR was defined as LA
myocardial signal intensity for each of 20 sectors on contiguous axial image planes divided by the
mean LA blood pool image intensity. Intra-cardiac point-by-point sampled electro-anatomical map
(EAM) points were co-registered with corresponding image sectors.

Results—The average bipolar voltage for all 8,153 EAM points was 0.9+1.1 mV. In a mixed
effects model accounting for within patient clustering, and adjusting for age, LA volume and
mass, body mass index, gender, CHA,DS,-VASc score, AF type, history of previous ablations,
and contrast delay time, each unit increase in local IR was associated with 91.3% decrease in
bipolar LA voltage (P<0.001). Local IIR thresholds of >0.97 and >1.61 corresponded to bipolar
voltage <0.5 mV and <0.1 mV, respectively.

Conclusion—Normalization of LGE-MRI intensity by the mean blood pool intensity results in a
metric that is closely associated with intra-cardiac voltage as a surrogate of atrial fibrosis.
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Introduction

Methods

Catheter ablation is frequently performed for treatment of atrial fibrillation (AF).1 Prior
studies have revealed that late gadolinium enhancement (LGE) on magnetic resonance
imaging (MRI) can noninvasively estimate the extent of LA scar before and after

ablation,? 3 and that AF recurrence following ablation is associated with the extent of pre-
ablation LGE as a surrogate of left atrial (LA) scar.? In a recent issue of the Journal we
provided evidence to support the utility of T1 mapping for quantification of diffuse atrial
scar.> Nonetheless, LGE-MRI remains necessary for identification of focal scar. An intrinsic
limitation of LGE, however, is that MRI signal intensity is measured in “arbitrary units” (au)
with variable magnitude and scale across examinations. Although LA wall image intensity
on LGE-MRI primarily varies as a function of gadolinium retention in fibrotic regions, it is
also affected by parameters such as surface coil proximity, contrast dose, delay time of
image acquisition after contrast injection, patient hematocrit, glomerular filtration rate, and
body mass index (BM1).8: 7 Normalization of the image intensity may decrease the
variability of measurement with regard to the latter covariates. The aims of this study were
a) to develop the image intensity ratio (1IR) as a quantitative and normalized measure of LA
fibrosis, b) to validate the IIR against invasive bipolar electrogram voltage amplitude
measures, and c) to establish IIR thresholds for identification of abnormal LA myocardium
and dense scar corresponding to bipolar voltage amplitudes <0.5 mV8 and <0.1 mV,°
respectively.

The protocol was reviewed and approved by our Institutional Review Board and all
participants provided written informed consent. Seventy-five consecutive patients referred
for AF ablation underwent pre-procedural MRI between November 2011 and December
2012.

Magnetic Resonance Imaging

Images were obtained using a 1.5 Tesla MRI scanner (Avanto, Siemens, Erlangen,
Germany) and a 6-channel phased array body coil in combination with 6-channel spine
matrix coil. Contrast-enhanced 3D MR angiography images were used to define LA and PV
anatomy (echo time 0.8 ms, repetition time 2.2 ms, in-plane resolution 1.4 x 1.4 mm, slice
thickness 1.4 mm). To optimize ablation success,19 patients with persistent or long-standing
persistent AF were started on anti-arrhythmic medications and referred for cardioversion 3-4
weeks prior to MRI and AF ablation. Of all patients, 9 (12%) were in AF at the time of scan.
The MRI examination was performed using the same methodology regardless of the
presenting rhythm. LGE-MRI scans were acquired within a range of 15-25 (mean 18.8+2.4)
minutes following 0.2 mmol/kg gadolinium injection (gadopentetate dimeglumine; Bayer
Healthcare Pharmaceuticals, Montville, NJ) using a fat-saturated 3D IR-prepared fast
spoiled gradient recalled echo sequence with respiratory navigation and ECG-gating, echo
time of 1.52 ms, repetition time of 3.8 ms, in-plane resolution of 1.3 x 1.3, slice thickness of
2.0 mm, and flip angle of 10 degrees. Trigger time for 3D LGE-MRI images was optimized
to acquire imaging data during diastole of LA as dictated by inspection of the cine images.
The optimal inversion time (T1) was identified with a TI scout scan (median 270 ms, range
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240-290 ms) to maximize nulling of LA myocardium. A parallel imaging technique,
Generalized Auto-calibrating Partially Parallel Acquisition (GRAPPA, reduction factor 2),
was used.

Image Analysis

Images were processed off-line using QMass MR software (Version 7.2, Leiden University
Medical Center, Leiden, The Netherlands) by an observer that was masked to
electroanatomic map (EAM) results. Multiplanar reformatted (MPR) axial images with
3.5mm slice thickness were reconstructed from 3D axial image data. Epicardial and
endocardial contours were manually drawn around LA myocardium. The reference point
was placed at the posterior base of the LA septum and the LA myocardium in each axial
plane was divided into 20 sectors (Figure 1a) with clockwise numbering from the reference
point. The IIR for each sector, defined as the mean pixel intensity of each sector divided by
the mean pixel intensity of the entire LA blood pool, was calculated. To measure inter- and
intra-observer variability, the epicardial and endocardial contouring of the entire LA was
repeated for a random sample of 10 patients by a second independent observer and by the
primary observer, respectively.

Electroanatomic Mapping and Ablation

Patients that presented in AF were cardioverted to aid in identification of pulmonary vein
potentials. Cardioversion was performed prior to image registration and EAM to minimize
patient movement and registration errors. Detailed endocardial voltage mapping of the LA
was performed prior to ablation and in sinus rhythm in all cases (Figure 1b). EAM was
performed using the 3.5 mm tip with 2 mm inter-electrode spacing irrigated Thermocool
ablation catheter and the CARTO-3 mapping system (Biosense Webster, Inc., Diamond Bar,
CA). The LA angiography image was registered to the EAM using standard landmark image
registration techniques (Figure 1c). Abnormal myocardium was defined as bipolar voltage
amplitude <0.5 mV® and dense scar was defined as bipolar voltage amplitude <0.1 mV.°
Acute pulmonary vein isolation (PVI) was achieved in all subjects. In persistent AF cases,
the ablation also included linear rooflines, posterior wall debulking, cavotricuspid isthmus
ablation, and superior vena cava isolation. Patients were observed for 24 hours following the
procedure. No immediate postoperative complications were noted.

Image and Electrogram registration

Using previously validated custom software (Volley, Johns Hopkins University),11: 12 intra-
cardiac sampled points were registered to the LGE image based on the procedural
registration coordinates of EAM merge with the LA angiogram. Figure 1 illustrates an
example of EAM point registration to LGE MPR planes.

Statistical analyses

Continuous variables are expressed as mean + standard deviation (SD) and categorical data
as numbers or percentages. The unadjusted relationship between IIR and bipolar voltage was
initially explored with scatterplots. Due to the skewed nature of bipolar voltage measures,
log-transformation was utilized to accommodate modeling within a linear normal
framework. A Generalized Estimating Equations (GEE) marginal model with exchangeable
working correlation structure was utilized to examine the association between bipolar
voltage and IIR. The model was clustered by patient, and adjusted for age, LA mass, LA
volume, gender, CHA,DS,-VVASc score, AF type, history of previous ablation, and the delay
time between contrast injection and LGE image acquisition. The intra-class correlation
coefficients for inter- and intra-observer variability in measuring the 1IR were calculated
using two-way random effects models. Statistical analyses were performed using STATA
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(version 12, StataCorp, College Station, Texas) and Ime4 and geepack packages in R
statistical software (http://www.r-project.org).

Patient Characteristics

We enrolled 75 patients with a mean age of 62.4+8.3 years (range: 44-73 years). Table 1
summarizes the baseline characteristics of patients. Forty-two patients (56%) had
paroxysmal AF; and 43 (57.3%) were undergoing their first ablation procedure. Fifty-six
patients (74.7%) were men. Eleven (14.7%) had congestive heart failure, 36 (48%) had
hypertension, 5 (6.7%) had diabetes mellitus, and 4 (5.3%) had a history of transient
ischemic attack or stroke. The median CHA,DS»-VASc score was 1 (interquartile range 1—
2). Aside from shorter AF duration in patients without prior ablation (4.9+6.3 versus 8.9+6.8
years, P=0.11), there were no differences in baseline characteristics among patients with
different AF types, and among patients with versus without prior ablation.

Table 2 illustrates structural LA differences among patients with different AF types and
those with versus without prior ablation. Patients with paroxysmal AF had smaller LA
volume index (78.3+18.9 versus 89.5+21.5 ml/m2, P=0.019), and lower mean IIR
(0.82+0.10 versus 0.89+0.11, P=0.002) than those with persistent AF. Patients without prior
ablation had lower mean IIR (0.83+0.12 versus 0.88+0.08, P=0.039) than those with prior
ablation.

Analyzed sectors on MRl and EAM

A total of 37,580 sectors from 1,879 LGE axial image planes from 75 patients were
quantitatively analyzed. A total of 8,544 EAM points were registered to the 3D LGE images.
Of these, 391 points were excluded from the study due to suboptimal catheter contact
evidenced by instability in the beat-to-beat electrogram signal or poor registration (>1.5mm
distance between EAM and corresponding myocardial sector). Consequently, 8,153 EAM
points obtained from LA endocardium were evaluated and registered to the corresponding
LGE-MRI sectors. The image intensity in arbitrary units (au) and the IR were measured for
each sector. The relationship of image intensity versus IIR and the distribution of each
measure are plotted in Figure 2. In contrast to the right skewed image intensity distribution,
the 1IR histogram displayed a normal distribution. While image intensity and IR measures
have a linear relationship within each patient, the slope of this association varies across
patients with a range of 0.01-0.16 au™?. Figure 3 compares EAM voltage (Panel A), IIR
(Panel B), and intensity maps with thresholds at 2 (Panel C), and 3 (Panel D) SD above the
mean intensity of normal myocardium in a patient with extensive scar (top row) and another
patient with minimal scar (bottom row). The distribution and proportion of scar represented
by the IR maps closely resemble results obtained from EAM. Using the dynamic intensity
threshold technique (Panels C and D), the extent of scar estimation is significantly altered
depending upon the choice of threshold at 2 versus 3 SD above the mean intensity of normal
myocardium.

Association of IIR with Local Electrograms

The average bipolar voltage was 0.9+1.1 mV and the average IIR was 0.99+0.27. The local
IIR was strongly associated with bipolar voltage (P<0.001); however, the relationship was
more linear with log transformation of bipolar voltage measures (Figure 4, P<0.001).
Individual linear and non-parametrically smoothed IIR versus log bipolar voltage
relationships for each patient are demonstrated in Figure 5. Individual panels in this figure
show the important finding that a linear association between log-bipolar voltage and the IIR
exists in individual patients. Using a GEE model clustered by patient and adjusting for age,
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LA volume, gender, CHA,DS,-VASc score, and the type of AF, the presence or absence of
previous ablations, and the delay time, each unit increase in local IR was associated with
91.3% decrease in local bipolar LA voltage (P<0.0001). Based upon unadjusted analyses,
local IR thresholds of >0.97 and >1.61 corresponded to bipolar voltage <0.5 mV and <0.1
mV, respectively. The uncertainty associated with each IIR threshold based upon the final
sample size of 75 patients is graphically displayed in Supplemental Figure 1.

Inter- and intra-observer variability

A total of 4420 sectors from 221 LGE-MRI axial planes from 10 patients underwent repeat
review for assessment of inter- and intra-observer variability (Supplemental Figure 2). The
intra-class correlations for inter-reader variability of the IR measures were 0.969 for
reliability of observations (95% CI: 0.967-0.971). The intra-class correlations for intra-
reader variability of the IR measures were 0.977 for reliability of observations (95% CI:
0.975-0.978).

Discussion

The main finding of this study is that the IR, a normalized measure of atrial myocardial
LGE, is strongly associated with EAM bipolar voltage measures. To the extent that voltage
amplitude correlates with atrial scar,8: © determination of the IIR can be used to non-
invasively assess the presence and extent of atrial scar. Compared with estimation of scar
based on image intensity in typical “arbitrary units” with varying magnitude and scale, the
IIR is a normalized measure with attributes that optimize a) quantification, b)
reproducibility, and ¢) comparability between patients.

Prior Studies of Atrial LGE

Peters and colleagues initially reported the feasibility of atrial LGE imaging. In their study
of 23 patients with AF, pre-ablation LGE was not observed in any patients; however, post
ablation LGE was seen in all patients.13 Subsequently, McGann and colleagues reported an
8.7% prevalence of pre-procedural LGE in a series of 46 patients.14 The same group later
reported a baseline LGE prevalence of 14.1% in patients with lone AF and 16.9% in patients
with non-lone AF. In this study, the investigators categorized patients into 4 groups by the
extent of pre-ablation LGE (Utah score): | with <5%, Il with 5-20%, 111 with 20-35%, and
IV with >35% atrial LGE. The authors found that the degree of atrial LGE was unassociated
with AF type and comorbidities, and that extensive pre-ablation LGE was associated with a
poor ablation outcome.5 In contrast, extensive post-ablation LGE appears to be associated
with procedural success.1* 16 Follow up studies have proposed a patient specific strategy of
PVI with or without linear ablations or debulking, based upon the extent of baseline

LGE.3 17 Other studies have suggested a role for atrial LGE to assess the adequacy of
ablation.18 Taclas and colleagues, however, reported that despite a visual and quantitative
association between ablation sites on EAM and LGE, 20% of ablated sites revealed no
LGE.19 Similarly, in a study of patients referred for repeat ablation, we found a significant
association between LGE and low-voltage on EAM, however, LGE patterns did not identify
pulmonary vein reconnection sites.11

Image Intensity Ratio

The above studies have made vital contributions to the understanding of the atrial
arrhythmia substrate and optimal patient selection and ablation strategies. Integration of
these strategies into general electrophysiology practice will likely improve patient outcomes.
However, the variability of pre-ablation LGE prevalence and LGE utility for localizing
ablation gaps across studies point to the suboptimal generalizability of current image
analysis techniques. Prior studies have utilized dynamic (on a slice-by-slice basis) thresholds
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for scar identification at 2 to 4 SD above the mean of normal tissue image intensity.* This
methodology has been internally reproducible and has led to many important
observations.3 17 However, the flexibility in the number of SD above normal tissue that
defines scar may bias comparisons of the extent of atrial scar between patients, and limit the
generalizability of this methodology at centers with less experience in LGE-MRI. The Utah
score categorizes the extent of fibrosis, but the underlying continuous variable of LGE
extent is similarly determined using dynamic thresholds of image intensity.1® The IIR
utilizes the mean intensity of the LA blood pool as a denominator, providing normalized
results that intend to reduce the inter-patient and inter-scan variability in arbitrary unit
intensities attributable to surface coil proximity (when uniformly affecting the LA), contrast
dose, delay time of image acquisition after contrast injection, body mass index, hematocrit,
and renal function.® 7 The rate-limiting image analysis step for calculation of the 1IR is
contouring of the LA wall, which can take up to 1 hour per patient. The remaining steps are
quick to perform and generalizable to standard image analysis settings.

Validation of the IIR

Decreased electrogram voltage amplitude is an established surrogate of myocardial
fibrosis.20 We used the registration of image sectors to point-by-point sampled intra-cardiac
electrograms to demonstrate that the 1R is strongly associated with electrogram voltage
amplitude as a surrogate of atrial fibrosis. We also determined IIR thresholds corresponding
to the commonly accepted voltage thresholds of <0.5 mV8 and <0.1mV? to identify atrial
fibrosis and dense scar, respectively. Importantly, the IIR threshold corresponding to typical
thresholds for voltage based determination of abnormal tissue and scar were stable across
patients and with increasing sample size as demonstrated in Supplemental Figure 1.

Study Limitations

Patients were heterogeneous with regard to prior ablations. However, this heterogeneity
extended the range of observable scar and improved the generalizability of our data. Healthy
volunteers without AF were not enrolled because intra-cardiac voltage mapping cannot be
justified in the absence of planned catheter ablation. Our results may also be limited by a
possibility for positional errors when registering EAM points to corresponding sectors on
LGE-CMR based on the registration information obtained by the EAM software. The LGE-
MRI sequence used in this study provided a 1.3 x 1.3 mm in-plane resolution and was
obtained during ventricular diastole/atrial systole, thus maximizing atrial wall thickness for
measurement. Nevertheless, atrial wall thickness may be near the limit of image resolution
in some cases. Because of volume averaging, the analyzed LA wall sector may have
included blood pool or epicardial fat in some cases. Additionally, the image sector size
versus EAM voltage point field of view may not always match appropriately. The force of
contact or the orientation of the mapping catheter can affect electrogram voltage on EAM
and may lead to some bias. However, the strong individually clustered and pooled
associations of sector IR with voltage measures suggests that, on average, the measures
represent LA myocardial tissue characteristics.

Conclusions

The 1IR is closely correlated with local intra-cardiac bipolar LA voltage measures. This
measure may provide utility for inter-patient and longitudinal intra-patient comparisons of
LA scar burden and may ultimately improve patient selection and procedural guidance for
AF ablation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Example of LGE-MRI and EAM registration

Panel A: Manually drawn endo- and epicardial contours on LGE axial planes. Each plane is
divided into 20 sectors within the contours, and the mean pixel intensity of each sector is
calculated. Panel B: Registration of EAM points to LA angiogram using standard
techniques. Antero-superior ostial left superior (LSPV) and right superior (RSPV), and
antero-inferior ostial left inferior (LIPV) and right inferior (RIPV) pulmonary vein points
(yellow balls) were used to merge the MR angiogram with the EAM using standard EAM
system tools, thus minimizing rotational errors. Multiple posterior wall and anterior wall
points (white dots) were then used for surface registration. Panel C: MPR panel
corresponding to the grey line in Panel B is visualized. The merge coordinates from panel B
were then utilized within the Volley software to merge the EAM with the LGE-MRI planes.
Image sectors from axial planes corresponding to each EAM point (white boxes) on that
plane were identified. Image intensities of each sector corresponding to EAM point voltages
were recorded.
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Figure 2. Distribution of image intensity versusthelIR

Plot of IR measures on the Y-axis against corresponding image intensity (arbitrary unit -
au) measures from LGE-MRI. The mean blood pool pixel intensity was 51.89+19.4 au with
range from 6.7-101.1 au. The regression line slope for the association between IIR and
image intensity (au) ranged from 0.01-0.16 au™ among different patients. The histograms of
distributions of image intensity (top) and IIR (right) are shown. In contrast to the left skewed
image intensity distribution, the IR histogram displays a normal distribution.
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Scar Threshold at 2 SD Scar Threshold at 3 SD

Figure 3. Qualitative examples of | IR versus voltage mapping

The figure illustrates different estimations of the extent of scar using EAM bipolar voltage
(Panel A), IIR (Panel B), and intensity maps with scar threshold at 2 SD (Panel C) and 3 SD
(Panel D) above the mean intensity of normal myocardium, projected onto the LA for two
patients. The thresholds for scar identification (color scale) are constant across patients when
using the bipolar voltage and IIR maps (Panels A and B), but vary for each patient with the
dynamic intensity threshold technique (Panels C and D). Patient 1 (top row of images)
exhibits large areas of low voltage on EAM indicative of fibrosis. The IIR map closely
estimates the bipolar voltage map; however, the intensity maps with thresholds at 2 and 3
SD over- and under-estimate the extent of scar, respectively. Patient 2 (bottom row of
images) exhibits minimal low voltage regions and predominantly healthy tissue on EAM.
The 1IR map closely estimates the bipolar voltage map; however, there is suboptimal
agreement using dynamic intensity threshold maps at 2 and 3 SD.
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Figure4. Distribution of voltage measures

The figure illustrates that log transformation of bipolar voltage measures accommodates
modeling within a linear framework. Panel A shows a scatter plot of bipolar voltage
measures against corresponding IIR values. In contrast, panel B shows the scatter plot of log
transformed bipolar voltage measures versus corresponding IR values. Panels C and D
compare spaghetti plots (individual regression lines for patients) of bipolar voltage and log
transformed bipolar voltage, respectively, versus the IIR values. Panel E shows the skewed
distribution of bipolar voltage measures. In contrast, panel F shows the normal distribution
of the log transformed bipolar voltage measures.
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Figure5. Clustered comparisons of | IR versusvoltage

The figure illustrates 75 individual 1IR versus log bipolar voltage scatterplots for each study
participant identified by the ID number in each panel inset. The X-axis for each plot is IIR
with values of 0.5 and 1.5 marked to show the X-axis scale. The Y-axis for each plot is log
bipolar voltage. The green line corresponds to bipolar voltage = 0.5 mV, and the brown line
corresponds to bipolar voltage = 0.1 mV. Each panel includes a fitted linear line (blue) and
nonparametric smoothed fit (orange) line to visually demonstrate the association between
IIR and log bipolar voltage measurements. Individual panel insets also include the IR value
that corresponds to the bipolar voltage threshold to identify dense scar (0.1 mV), as well as
the coefficient of correlation (r) derived from each participant's regression analysis.
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Generalized Estimating Equations Model Results

Parameter Coefficient P
IR -2.44 <0.0001
Age -0.03 0.001
Male Gender -0.27 0.030
BMI 0.003 0.710
LA mass 0.009 0.100
LA volume -0.0004 0.720
CHA2DS2-VASC score 0.037 0.510
AF-Persistent -0.19 0.090
Repeat-Ablation -0.43 <0.0001
Delay Time 0.01 0.400

1IR=image intensity ratio; LA= left atrium; BMI=body mass index; AF=atrial fibrillation.
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