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ABSTRACT

INTRODUCTION: Atrial fibrillation (AF) recurrence after ablation is associated with left atrial (LA) fibrosis on late gadolinium enhanced (LGE)
magnetic resonance imaging (MRI). We sought to determine pre-ablation, clinical characteristics that associate with the extent of LA fibrosis in patients
undergoing catheter ablation for AF.

METHODS AND RESULTS: Consecutive patients presenting for catheter ablation of AF were enrolled and underwent LGE-MRI prior to initial AF
ablation. The extent of fibrosis as a percentage of total LA myocardium was calculated in all patients prior to ablation. The cohort was divided into quartiles
based on the percentage of fibrosis. Of 60 patients enrolled in the cohort, 13 had <5% fibrosis (Group 1), 15 had 5-7% fibrosis (Group 2), 17 had 8-13%
fibrosis (Group 3), and 15 had 14-36% fibrosis (Group 4). The extent of LA fibrosis was positively associated with time in continuous AF, and the presence of
persistent or longstanding persistent AF. However, no statistically significant difference was observed in the presence of comorbid conditions, age, BMI, LA
volume, or family history of AF among the four groups. After adjusting for diabetes and hypertension in a multivariable linear regression model, paroxysmal
AF remained independently and negatively associated with the extent of fibrosis (—4.0 £ 1.8, P=0.034).

CONCLUSION: The extent of LA fibrosis in patients undergoing AF ablation is associated with AF type and time in continuous AF. Our results suggest
that the presence and duration of AF are primary determinants of increased atrial LGE.
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Introduction

Catheter ablation of atrial fibrillation (AF) is an important
treatment modality for patients with symptomatic, drug-
refractory AF. Ablation success appears to be associated with
multiple variables such as AF type, duration of continuous AF,
leftatrial (LA) dilation, and presence or absence of comorbid con-
ditions.! Recent advances in magnetic resonance imaging (MRI)

with late gadolinium enhancement (LGE) have enabled the
non-invasive quantification of LA fibrosis.>~® The extent of left
pre-existing LA fibrosis assessed by LGE-MRI appears to be
a strong predictor of ablation failure.”” In a landmark pub-
lication in 1995, Wijftels and colleagues demonstrated that
continuous AF results in atrial remodeling.!” The concept that
“AF begets AF” is now widely accepted.®171° Recent evidence
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from Kottkamp suggests that atrial fibrosis may also result
from a process independent of AF persistence, termed “fibrotic
atrial cardiomyopathy (FACM).”16718 According to Kottkamp,
the structural atrial disease associated with FACM may act
as the substrate for atrial tachy- and brady-arrhythmias.}¢-18
In this study, we sought to (a) describe the extent of atrial
fibrosis in a series of patients undergoing a first AF ablation
procedure, and (b) define the association of the extent of atrial
fibrosis with clinical predictors including atrial volume, and

the type and duration of AF.

Methods

Patient population. The Johns Hopkins Institutional
Review Board approved the protocol, and all participants
provided written informed consent. The patient population
included 60 consecutive patients referred for an initial AF abla-
tion, who underwent pre-procedural LGE-MRI. Paroxysmal
AF was defined as recurrent (=2 episodes) AF that terminated
spontaneously within 7 days.! Persistent AF was defined as
AF sustained beyond 7 days or lasting less than 7 days, but
necessitating pharmacologic and electrical cardioversion.!
Longstanding persistent AF was defined as continuous AF of
greater than 1 year in duration as defined by the 2012 Heart
Rhythm Society Consensus Document.!

Magnetic resonance imaging. All subjects underwent
pre-ablation MRI using a 1.5 Tesla magnetic resonance
scanner (Avanto, Siemens, Erlangen, Germany) with a phased
array cardiac coil. Contrast enhanced three-dimensional fast
low angle shot angiography images were used to define LA
and pulmonary vein (PV) anatomy. LGE-MRI scans were
acquired approximately 18 minutes following 0.2 mmol/kg
gadolinium injection (gadopentetate dimeglumine; Bayer
Healthcare Pharmaceuticals, Montville, NJ, USA). We uti-
lized a three-dimensional inversion recovery prepared fast
spoiled gradient recalled sequence that is respiratory triggered
and navigated, ECG gated, and fat suppressed (repetition time
of 2.5-5.5 ms, echo time of 1.52 ms, flip angle at 10 degrees,
in-plane resolution of 1.3 x 1.3, slice thickness of 2.0 mm,
and inversion time (TI) 240290 ms). A parallel imaging
technique, generalized auto-calibrating partially parallel
acquisition (GRAPPA, reduction factor 2), was used. Of total
60 patients, seven (11.7%) were in AF during MRI acquisition.
The extent of fibrosis was not significantly different between
those imaged during sinus rhythm versus AF (10.5 £ 7.6 versus
5.6 £3.9%, P=0.100).

LA fibrosis measurement and quantification. The
LGE-MRI three-dimensional images were processed using
multiplanar reconstruction (MPR) to obtain 3.5 mm thick
axial image planes. The LA myocardium was defined by plac-
ing epi- and endocardial contours using QMass MR software
(Version 7.2, Leiden University Medical Center, Leiden, The
Netherlands). The image intensity ratio (IIR), a previously
described LGE-MRI technique that normalizes myocardial

image intensities by the mean blood pool intensity was used to

identify fibrosis.?! The methodology for calculation of the IIR
and its association with regional voltage by electroanatomic
mapping were previously validated.? The mean IIR of the
entire LA and extent of fibrosis (as a percentage of the LA
myocardium) were measured for all patients. The cohort was
divided into quartiles corresponding to four stages of LA
fibrosis as follows: Group 1 or minimal fibrosis (less than 5%
fibrosis), Group 2 or mild fibrosis (5-7% fibrosis), Group 3 or
moderate fibrosis (8—13% fibrosis), and Group 4 or extensive
fibrosis (14—36% fibrosis).

Statistical analysis. Continuous variables were summa-
rized as mean * standard deviation and categorical variables as
counts and percentages. The univariable association of fibrosis
extent quartiles with continuous variables was assessed using
analysis of variance (ANOVA). The chi-square test was uti-
lized to examine the univariable association of fibrosis extent
quartiles with other categorical variables. The univariable asso-
ciation of fibrosis extent as a continuous variable with other
continuous and categorical variables was assessed using the
Spearman Correlation test and Student’s #test, or ANOVA,
where appropriate. The independent association of clinical
variables with fibrosis extent was assessed utilizing multivari-
able linear regression. Statistical tests were performed using
STATA Statistical Software (Version 12, StataCorp, LP,
College Station, TX, USA). A P-value of <0.05 was consid-

ered statistically significant.

Results

Clinical characteristics. The clinical characteristics
of the 60 patients included in the study are summarized in
Table 1. Among the 60 patients, 46 (76.7%) were male and
the mean age was 59.2 £ 8.9 years. AF was paroxysmal in
35 (58.3%) patients, persistent in 22 (36.7%) patients, and
longstanding persistent in three (5%) patients. The mean LA
volume was 152.2 + 47.3 ml and the mean LA volume index
was 73.6 = 22.8 ml/m?. Five (8.3%) patients had congestive
heart failure, six (10%) had diabetes mellitus, five (8.3%) had
a history of transient ischemic attack (TTA) or stroke, seven
(11.7%) had vascular disease, 28 (46.7%) had hypertension,
and 17 (28.3%) had obstructive sleep apnea. The median
CHADS, score was 1, with a range of 0-5. Additionally, the
median time of continuous AF prior to AF ablation was 0.76
(0.01-6.02) months.

Extent and predictors of fibrosis. Figure 1 illustrates
detailed color fibrosis maps from four patients with variable
scar extent and atrial sizes. Among the 60 patients in our
study, the mean percentage of fibrosis was 9.9 + 7.4%. As
shown in Table 1, 13 (21.7%) patients were staged in Group 1
with mean fibrosis 2.3 £ 1.3%, 15 (25%) patients were staged
in Group 2 with mean fibrosis 5.8 £ 0.7%, 17 (28.3%) patients
were staged in Group 3 with mean fibrosis 10.2 + 1.8%, and
15 (25%) patients were staged in Group 4 with mean fibrosis
20.3 £ 6.2%. The detailed clinical characteristics and results
of LGE-MRI for each of the patients enrolled in our study are
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Table 1. Clinical characteristics based on extent of fibrosis.

GROUP 1 GROUP 2 GROUP 3 GROUP 4 P-VALUE

(n=13) (n=15) (n=17) (n=15)
Extent of fibrosis (%) 99+74 23+13 5.8+0.7 10.2+1.8 20.3+6.2
LA volume index (mL/m?) 73.6£22.8 761 +257 71.6 £19.0 73.9+24.8 73.0+23.5 0.965
Age (years) 59.2+8.9 60.5+£9.9 58.7 £ 8.1 586+79 59.2+10.5 0.941
Male gender 46 (76.7) 9 (69.2) 11 (73.3) 14 (82.3) 12 (80.0) 0.816
Body mass index (kg/m?) 29.3+6.1 29.0+6.3 275+4.3 30.2+6.9 30.1+6.6 0.600
Congestive heart failure 5 (8.3%) 0 (0%) 2 (13.3%) 2 (11.8%) 1(6.7%) 0.745
Diabetes mellitus 6 (10%) 0 (0%) 2 (13.3%) 1(5.9%) 3 (20%) 0.379
Vascular disease 7 (11.7%) 1(7.7%) 1(7.1%) 3(17.7%) 2 (13.3%) 0.862
Hypertension 28 (46.7%) 6 (46.2%) 5 (33.3%) 7 (41.2%) 10 (66.7%) 0.328
Sleep apnea 17 (28.3%) 5 (38.5%) 5 (33.3%) 4 (23.5%) 3 (20%) 0.701
Time in continuous AF (months) 1.3+1.4 0.95+1.2 1.0£1.5 1.7£16 1.5+11 0.402
Paroxysmal AF 35 (58.3%) 9 (69.2%) 11 (73.3%) 9 (52.9%) 6 (40%) 0.232
CHADS, score
0 28 (46.7%) 6 (46.15%) 9 (60%) 9 (52.9%) 4 (26.7%) 0.213
1 21 (35%) 4 (30.8%) 2 (13.3%) 7 (41.2%) 8 (53.3%)
2 5 (8.3%) 1(7.7%) 2 (13.3%) 0 (0%) 2 (13.3%)
3 4 (6.7%) 2 (15.4%) 0 (0%) 1(5.9%) 1(6.67%)
4 1(1.7%) 0 (0%) 1(6.7%) 0 (0%) 0 (0%)
5 1(1.7%) 0 (0%) 1(6.7%) 0 (0%) 0 (0%)

Note: Continuous variables are summarized as mean + standard deviation and categorical variables as number (percentage).

Normal myocardium Abnormal Fibrosis Dense scar
myocardium

Figure 1. Fibrosis maps for four patients with variable fibrosis extent and LA size.

Notes: Fibrosis patterns in each of four patients are shown after application of IIR thresholds for LGE-MRI. The colors correspond to IIR thresholds

of >0.97, >1.20, and >1.61, corresponding to voltage <0.5, <0.35, and <0.1 mV, respectively.? Regions with blue color indicate normal myocardium,
whereas yellow and green represent a gradation of unhealthy myocardium with increasing fibrosis and red represents dense fibrosis. Patients in the first
row (A and B) have dilated atria, whereas those in the bottom row (C and D) have normal atria. Patients in the first column (A and C) have minimal fibrosis
depicting the lack of association between atrial volume and fibrosis extent.
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shown in Table S1 in supplementary material. The patients are
organized based on the percentage of fibrosis.

To be consistent with prior literature,® the association of
clinical predictors with the extent of fibrosis was first explored
using fibrosis extent as a categorical variable (groups 1-4). We
then explored the associations with fibrosis extent as a con-
tinuous variable. Fibrotic extent as a categorical variable was
unassociated with LA volume, age, body mass index, pres-
ence of congestive heart failure, presence of diabetes mellitus,
presence of vascular disease, CHADS, score, presence of
hypertension, presence of obstructive sleep apnea, time in
continuous AF, or AF type (Table 1).

When using fibrosis extent as a continuous variable, no
associations were found with LA volume index (P = 0.766),
age (P = 0.984), gender (P = 0.219), body mass index
(P = 0.360), congestive heart failure (P = 0.820), vascular
disease (P = 0.826), sleep apnea (P = 0.269), or CHADS,
score (P = 0.625). However, there was a trend toward greater
fibrosis in patients with diabetes mellitus (15.0 + 4.7 versus
9.4 £ 0.9%, P = 0.078), and hypertension (11.4 £ 1.5 versus
8.7 £1.2%, P=0.167). Additionally, fibrosis extent as a con-
tinuous variable had statistically significant univariable asso-
ciations with time in continuous AF (Spearman’s rho 0.336,
P=0.009, Figure 2), and AF type (12.4 £ 1.8% scar in persis-
tent and longstanding persistent AF versus 8.2 + 0.9% in par-
oxysmal AF, P=0.028, Figure 3). After adjusting for diabetes
and hypertension in a multivariable linear regression model,
paroxysmal AF remained independently and negatively asso-
ciated with the extent of fibrosis (—4.0 + 1.8, P=0.034). Time
in continuous AF was not included as another variable in the
multivariable model because it was collinear with AF type.

Discussion

'The purpose of this study was to describe the extent and clinical
predictors of atrial fibrosis in a series of patients undergoing a
first AF ablation procedure. We noted univariable associations
between the LA fibrosis extent and AF type, and between LA
fibrosis extent and the duration of continuous AF. AF type
remained associated with the extent of atrial fibrosis in a mul-
tivariable model that adjusted for the presence of hypertension
and diabetes.

Prior studies of predictors of LA fibrosis. The results of
our study confirm and extend the findings of prior investiga-
tions of the predictors of LA fibrosis. We found that the extent
of LA fibrosis was associated with AF type but independent
of patient age and the presence of concomitant comorbidities.
Boldt and colleagues examined the association between extra-
cellular matrix proteins and AF in 118 patients with lone AF,
mitral valve disease and AF, mitral valve disease and sinus
rhythm, or sinus rhythm without mitral valve disease.?’ Using
quantitative western blotting techniques and immunohis-
tochemical methods, Boldt and colleagues observed greater
fibrosis in patients with, when compared to those without AF;
however, there was no difference in extracellular matrix expression

N Spearman’s rho = 0.336, P = 0.009

40

20 30
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Extent of fibrosis (%)

10

Time in AF (months)

Figure 2. Association between the extent of fibrosis and time in
continuous AF.

Notes: The scatter diagram and line of best fit display the association
between the extent of LA fibrosis and time in continuous AF.

between patients with paroxysmal and persistent AF.2°
Subsequently, Platonov and colleagues reported an association
between fibrosis, AF, and age through review of medical
records and autopsies from 30 patients without AF, with
paroxysmal AF, or with persistent AF.?! No association was
observed between age and extent of fibrosis; however, patients
with a history of AF had a threefold greater extent of fibrosis
compared to patients without prior AF.2! A three-group com-
parison revealed that fibrosis extent was significantly greater
in patients with longstanding persistent AF compared to
patients with paroxysmal AF in the superior pulmonary veins,
but not in the inferior pulmonary veins or in the posterior left
atrium.?! Later, in a study of 24 patients with mitral valve dis-
ease, Qian and colleagues reported greater fibrosis in patients
with AF compared to those in sinus rhythm.??

Using a noninvasive LGE-MRI method, Oakes and col-
leagues quantified LA fibrosis in 81 patients with paroxysmal
(n = 41) or persistent (n = 40) AF prior to ablation.” Of the
43 patients with mild enhancement, 28 (65%) patients had
paroxysmal AF and 15 (25%) had persistent AF. However, of
the 30 patients with moderate fibrotic enhancement, 13 (43%)
patients had paroxysmal AF and 17 (57%) had persistent AF,
suggestive of a trend toward greater fibrosis in those with per-
sistent AF (P = 0.06).> Mahnkopf and colleagues later exam-
ined the extent of LA fibrosis detected by LGE-MRI in 333
patients undergoing AF ablation, of which 40 patients had
lone AF.? The distribution of patients staged into the Utah I,
UtahII, Utah III, and Utah IV fibrosis groups was comparable
in patients with lone and non-lone AF, with Utah III or Utah
IV fibrosis observed in 25% of lone AF patients and 30.4%
of non-lone AF patients.” Similarly, Akoum and colleagues
observed no association between Utah stage of LA fibrosis
and age, hypertension, coronary artery disease, congestive
heart failure, diabetes, or left ventricular ejection fraction.®
The results of our study add to this growing body of lit-

erature in a number of ways. First, we analyzed fibrosis extent
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Extent of fibrosis (%)
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Persistent or longstanding persistent AF

Paroxysmal AF

Figure 3. Distribution of fibrotic extent among patients with paroxysmal versus persistent AF.
Notes: The figure illustrates the extent of fibrosis in patients with persistent and longstanding persistent versus paroxysmal AF. The box plots display the
median and the 25th—75th percentile range (center black line and solid gray box), the lower and upper adjacent values (outer black whiskers), and outlier

data points (black dot).

using two methods: (a) by categorization by quartiles (similar
to the Utah scoring system) and (b) as a continuous variable.
Due to preservation of study power using a continuous
variable in its native form, associations of AF type and time
in continuous AF were observed with fibrosis extent as a con-
tinuous variable. However, when the degree of fibrosis was
categorized as quartiles, the association between AF type
and fibrosis group number was not significant. Patients with
paroxysmal and non-paroxysmal AF were observed in each
of the fibrosis quartiles. This underscores the importance of
study power in determining the association of clinical pre-
dictors with fibrosis extent. Categorization of fibrosis extent
by quartiles, although convenient from a clinical standpoint,
may lead to inadvertent reduction of study power and biased
results. Second, we employed the IIR methodology for analy-
sis of fibrosis. This method utilizes normalization of image
intensity, which lowers the confounding effect of patient level
variables such as contrast dose, bolus timing, patient renal
function, and hematocrit.? By reducing the inter-patient vari-
ability in image intensity measurements not attributable to
tissue characteristics, the IIR improves the comparison of
fibrosis extent across patients.

The association between LA volume and the extent of
LA fibrosis. The results of our study provide additional data for
the existing discussion of the association between LA volume
and the extent of LA fibrosis. Our study revealed no signifi-
cant association between LA size and the extent of fibrosis.
This somewhat counterintuitive finding is consistent with the

results of some, but not all prior investigations.>?3 In an early
study using LGE-MRI to quantify LA volume and fibrosis,
Oakes and colleagues reported that the pre-procedural LA
volume was associated with the extent of LA fibrosis in 81
patients presenting for AF ablation.” However, in a more
recent study, Akoum et al found no significant difference in
LA volume and extent of fibrosis in 178 patients undergoing
LGE-MRI and TEE prior to ablation or cardioversion for
AF.% Our results support the latter study and suggest that the
extent of LA fibrosis is independent of LA volume.
Limitations. Our study had several limitations. First,
the study had a relatively small sample size. This may have
limited study power and the ability to identify other factors
that are associated with the extent of LA fibrosis. Addition-
ally, all patients in the study were referred for catheter ablation
of AF. Therefore, the study sample is biased toward a healthier
subset of all patients with AF. This important bias may limit
our ability to adequately examine the associations between scar
fibrosis and patient co-morbidities. Also, atrial wall thickness
is near the limit of image resolution in some patients. Blood
pool or epicardial fat volume averaging may in some cases
confound the measurement of fibrosis extent by LGE-MRI.
Our cohort participants had a larger mean LA volume index
than some prior studies. This may reflect the relatively high
percentage of patients with persistent or longstanding per-
sistent AF in our cohort. Finally, time in AF was calculated
by summating length of AF episodes from loop recorders,
electrocardiogram (EKG)s, patient reports, and clinical notes.
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Since AF was documented in some patients prior to the use of
a loop recorder, the duration of AF may be underestimated in
these patients.

Conclusion

The results of this study provide insight into the clinical
predictors of an important patient characteristic, LA fibrosis.
The extent of LA fibrosis appears to be independent of age,
body mass index, congestive heart failure, vascular disease,
CHADS, score, and obstructive sleep apnea. However, the
extent of LA fibrosis is positively associated with time in con-
tinuous AF, and AF persistence. Additionally, the extent of
atrial fibrosis is independent of LA volume. Our results suggest
that the presence and duration of AF itself may be a primary
determinant of increased atrial LGE in patients with AF.
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