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Abstract

Background—It is known that expanded epicardial fat is associated with atrial fibrillation (AF).
However, infiltrated intraatrial fat has not been previously quantified in individuals at risk as
determined by the ARIC AF risk score.

Methods—~Patients in sinus rhythm (N=90, age 57+10y; 55 men [63.2%]), in 3 groups at risk of
AF as determined by the ARIC AF risk score [low (<11 points; n=15), moderate (12-18 points;
n=40), high (=19 points; n=23) risk of AF], and paroxysmal AF (n=12) underwent cardiac
magnetic resonance study. Intraatrial and epicardial fat was analyzed with a Dark-blood DIR-
prepared Fat-Water-separated sequence in the horizontal longitudinal axis. OsiriX DICOM viewer
(Geneva, Switzerland) was used to quantify the intraatrial fat area. Width of the cephalad portion
of the interatrial septum was measured at the level of the fossa ovalis.

Results—Intraatrial fat monotonically increased with growing AF risk in study groups (low AF
risk 164 vs. moderate AF risk 32+18 vs. high AF risk 81283 mm2; ANOVA P=0.012). Log-
transformed intraatrial fat predicted ARIC AF risk score in multivariate ordered probit regression
after adjustment for sex, race, left and right atrial area indices, and body mass index (B-coefficient
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0.50 [95%CI 0.03-0.97]; P=0.037), whereas epicardial fat did not. Interatrial septum width
showed similar association (3.0£1.4 vs. 5.0£1.8 vs. 7.1+2.7 mm; ANOVA P<0.001; adjusted p-
coefficient 2.80 [95%CI 1.19-4.41]; P=0.001).

Conclusions—Infiltrated intraatrial fat characterizes evolving substrate in individuals at risk of

AF.
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Introduction

Methods

Atrial fibrillation (AF) is the most common arrhythmial. The estimated prevalence of AF
increases with age, from 1% in general population to 8% in those older than 80yL. AF is a
major risk factor for serious cardiovascular events, such a stroke, heart failure (HF) and
premature death?. Arterial remodeling with fibrosis and dilatation, hypertension and
diastolic heart failure predispose to AF3-2, The aging population and the rising prevalence of
chronic heart disease lead to a 66% increase in hospital admissions for AF. In spite of
advances in radiofrequency ablation for the treatment of AF, the high recurrence of AF (up
to 40%) during the first year after pulmonary vein isolation (PV1) procedure8 supports the
notion that primary prevention of AF, if successful, would be the most efficient strategy to
decrease AF burden for patients and healthcare providers. NIH identified primary prevention
of AF as especially important priority for future research’. However, mechanisms of AF are
not completely understood, and data characterizing AF substrate early in the continuum of
structural heart disease are lacking.

Epicardial adipose tissue (EAT) has recently emerged as a factor associated with
paroxysmal8 and persistent AF?, and with AF recurrence after PV110, In the Framingham
Heart Study (FHS) higher EAT volumes were associated with higher odds of prevalent
AF11. Mechanisms of EAT effect on the myocardium were studied in experiments, which
confirmed paracrine properties of EAT and release of pro-inflammatory and pro-fibrotic
substances (adipo-fibrokines)12. At the same time, autopsy studies have shown that EAT can
infiltrate myocardium?3. However, until recently there was no imaging modality available
for in-vivo assessment of infiltrated intraatrial fat. In 2009 Kellman et al'* developed novel
fat-water-separated MRI imaging approach, which enabled assessment of infiltrated
intraatrial fat. While EAT was shown associated with prevalent AF, the myocardial substrate
that predisposes to AF in patients at AF risk but without diagnosed AF remains largely
unknown. We hypothesized that infiltrated intraatrial fat is associated with AF risk as
determined by the AF risk score.

Study Population

We analyzed the data of an ongoing prospective observational cohort study Personalized
Risk Identification and Management for Arrhythmias and Heart Failure by ECG and MRI
(PRIMERI). Study was approved by the Johns Hopkins Institutional Review Board, and all
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study participants signed informed consent upon entering the study. Study included patients
of the Johns Hopkins Hospital, who have had signs of structural heart disease on 12-lead
ECG (wide spatial QRS-T angle =105° and/or the Selvester QRS scorel® >5). Exclusion
criteria were age above 70 years, left ventricular ejection fraction (LV EF) < 35%, or high
risk of non-cardiac death due to concomitant non-cardiac diseases. The Johns Hopkins
Hospital database was screened and study candidates were invited to participate.

At enrollment detailed medical history was collected, 12-lead ECG was recorded at rest by
the Marquette MAC 5000 ECG system with 12SL TM algorithm (GE Medical Systems,
Milwaukee, WI), and cardiac magnetic resonance (CMR) study was performed. In addition,
Holter ECG (GE Medical Systems, Milwaukee, WI) was recorded during 30—45 min at rest
and during 6-min walk.

Risk of AF assessment: the ARIC AF risk score calculation

AF risk was assessed by the Atherosclerosis Risk In Communities (ARIC) AF risk score,
which was calculated as described by Chamberlain et al'®. ARIC AF risk score was selected
since the PRIMERI study population was bi-racial, and included participants of similar to
ARIC study age range. Nonetheless, due to minor age differences between PRIMERI and
ARIC study populations, we applied slightly modified ARIC AF risk score. ARIC AF risk
score was developed for individuals of 45-65 years of age, and was assigned a maximum of
8 points for individuals 60-64 years. We assigned 10 points for study participants = 65 years
of age.

Study participants were categorized into 4 groups. Patients with a documented history of
paroxysmal AF comprised the AF group. Study participants without AF history were
separated into 3 groups, based on ARIC AF risk score. Low AF risk group included subjects
scoring < 11 points, who had a 10-year predicted probability of developing AF16 of <5%. As
shown previously, patients scoring = 19 points had >24% predicted probability of
developing AF within 10 years?8, they comprised high AF risk group. Individuals scoring in
between these two groups, (12-18 points) comprised moderate AF risk group.

Atrial CMR Analysis

Patients underwent CMR with a 1.5-T scanner (Avanto, Siemens Healthcare, Erlangen,
Germany) on the same day as the ECG recordings. All CMR functional analyses were
performed on dedicated workstations with ARGUS (Siemens Healthcare, PA) by 3
experienced observers who were blinded to the results of the ECG analysis (NM, PR, CL).
LVEF, LVEDV, LVESV and LV mass were calculated using Simpson’s rule and its values
normalized by body surface area (BSA) calculated with the Mosteller equation. The LA and
the right atria (RA) areas were measured at their maximum size in the end-systolic phase of
the ventricles using the 4-chamber view, and normalized by BSAL,

The presence of interatrial fat was assessed with a Dark-blood DIR-prepared Fat-Water-
separated sequencel#18 in the horizontal longitudinal axis (4 chamber view). The typical
sequence parameters were: band width = 977 Hz/pixel; TE = 1.53, 3.76, 5.99, and 8.22 ms;
TR = 11 ms; flip angle = 12°; image matrix = 256 x 180; ECG triggered every RR interval
with views per segment = 15; and breath-hold duration = 13 heartbeats, including one initial
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heartbeat discarded for transition to steady state. The multiecho GRE sequence incorporated
a double inversion recovery dark blood preparation. The multiecho GRE sequence
incorporated a dark blood preparation. OsiriX DICOM viewer (Geneva, Switzerland) was
used to quantify the area of the structure of interest (Figure 1). The width of the cephalad
portion of the interatrial septum was measured in this study at the level of the fossa ovalis,
as described by Shirani et al'®, Epicardial fat area was measured in the same horizontal
longitudinal axis.

Statistical Analysis

Results

STATA 12 (StataCorp LP, College Station, TX) was used for statistical analysis. Normally
distributed variables were compared across study groups using a one-way ANOVA.
Categorical variables were compared by Pearson’s chi-square test. Pairwise correlations
were studied between normally-distributed variables. Intraatrial fat area was log-transformed
to normalize distribution. Ordered probit regression analysis was performed to study
association between ARIC AF risk score (outcome, range 1-27) and log-transformed
intraatrial fat, or interatrial septum width (predictors), adjusted by LA area index, RA area
index, epicardial fat, body mass index, sex and race. Multiple linear regression analysis was
employed to determine if intraatrial fat predicts interatrial septum width after adjustment for
age, sex, race, and BMI.

Study population

We analyzed data of 90 patients (mean age 57+10 years). About half of the study population
was comprised of men [n=55 (61%)], and whites [n=53 (59%)]. Screening QRS score
indicated the presence of myocardial scar?® (5.4+2.1), and wide spatial QRS-T angle
(114+38) point to high likelihood of the presence of an underlying structural heart
disease?1:22,

Clinical characteristics of patients at low, moderate, and high risk of AF

History of paroxysmal AF was known in 12 patients (Table 1). Successful PVI procedure
was performed in 5 patients (41%), in whom amount of interatrial fat seemed to be smaller,
as compared to AF patients without ablation procedures history (35+18 mm? after PVI vs.
45+57 mm?2 without PV1), although our study was not powered or designed to compare
interatrial fat before and after PVI.

Relatively low predicted 10-years AF risk (<5%) as determined by the presence of < 11
points, was found in the lowest quartile of the risk score distribution in our study population
(n=15). The highest quartile of the risk score distribution (= 19 points) in our study
characterized 23 participants with predicted probability of AF > 24%. Two middle quartiles
of ARIC AF risk score (12-18 points, 40 participants) predicted wide range of AF risk
probability, 5-24%.

As expected, the clinical characteristics of patients in the AF group were remarkably similar
to clinical characteristics of participants in the high AF risk group (Table 1). Anticipated
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monotonically increasing prevalence of AF risk factors (age, male sex, white race, history of
myocardial infarction and revascularization procedures, use of antihypertensive medication)
was observed in individuals at growing AF risk. P wave duration on 12-lead ECG was
significantly longer in patients at high AF risk (Table 2). There were no statistically
significant differences in LV volumes, LVEF, LV mass, LA and RA indices, and epicardial
fat across study groups (Table 2).

Infiltrated intraatrial fat and interatrial septum width in patients at low, moderate, and high

risk of AF

Amount of intraatrial fat monotonically increased from low AF risk patients, to moderate
AF risk patients, and then increased further to high AF risk patients (Figure 2). Adjusted
ordered probit regression analysis showed that increase in infiltrated intraatrial fat resulted
in increase in the odds of having a higher ARIC AF risk score (Table 3).

Similarly, strong association between AF risk and width of interatrial septum was found
(Table 2). Widening of interatrial septum was associated with increase in the odds of having
a higher ARIC AF risk score (Table 3). Moreover, strong correlation between intraatrial fat
and interatrial septum width was observed (Figure 3), which was confirmed in multiple
linear regression analysis after adjustment for age, race, sex, and BMI [B-coefficient 0.15
(95%CI 0.06-0.24); P=0.002].

Discussion

Our study revealed important findings. We showed that in individuals without AF history,
monotonically increasing amounts of infiltrated intraatrial fat were independently associated
with the 10-year predicted probability of developing AF as determined by the ARIC AF risk
score8. Thus, infiltrated intraatrial fat characterizes evolving substrate of per-clinical AF
early in a continuum of structural heart disease. This observation opens a new avenue for
mechanistic pathophysiological studies that are needed in order to explain mechanisms of fat
infiltration of atria, and to develop therapies for prevention of fat infiltration.

In addition, we showed that the width of the interatrial septum strongly correlates with
infiltrated intraatrial fat and therefore, may serve as its surrogate. While visualization and
quantification of intraatrial fat requires special CMR procedure, measurement of interatrial
septum width could be easily done on any 4-chamber CMR image. Future investigations of
interatrial septum width in large epidemiological studies might improve our understanding
of AF substrate development before AF onset.

ARIC AF risk score and early pre-clinical AF substrate

Several clinical AF risk scores exist. Framingham Heart Study (FHS) AF risk score was
developed to predict 10-year AF risk in middle-aged to elderly whites®, and was
successfully validated?®. Another risk score for AF incidence was developed in a
prospective biracial community based cohort!8, Atherosclerosis Risk In Communities
(ARIC). Recently, AF risk factors were identified in pooled analysis of 3 large cohorts
(FHS, ARIC and the Cardiovascular Health Study [CHS]) and were externally validated in
the Age, Gene and Environment—Reykjavik study (AGES) and the Rotterdam Study
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(RS)24. We choose ARIC AF risk score over FHS AF risk score because our study
population is (1) bi-racial, and (2) relatively young (5710 years). In addition, the age at
which significant cardiac murmur developed (FHS risk factor) was unknown in our study.
ARIC AF risk score'® was developed in a population study and is based on risk factors,
commonly measured in clinical practice. Very few of our study participants were 65-70
years of age, whom we added two additional risk points for their age, as CHARGE-AF
consortium demonstrated monotonically increasing AF risk for every 5 years of age24.
Importantly, the use of ARIC AF risk score for the first time revealed an evolving pre-
clinical AF substrate, as presented by the infiltrated intraatrial fat.

Infiltrated intraatrial fat: role in AF

Atrial fibrosis and fibrotic atrial cardiomyopathy?® is associated with clinically manifest AF.
Recent experimental study2 provided evidence that secreted by EAT adipo-fibrokine
Activin A can induce fibrosis of the myocardium. Importantly, experiments showed that fat
tissue infiltrates myocardium and in situ elicit paractine effect of EAT secretome on the
neighboring myocardium. Results of our study constitute the first evidence that in humans
infiltrated intraatrial fat represents early pre-clinical AF substrate in individuals at AF risk.
We speculate that the timely prevention of fat infiltration of atria might prevent AF
development, and should be considered as a future therapy target.

More than a hundred years ago fatty heart was considered to be a common cause of cardiac
death?6. Pathologists described intra-myocardial fat and fibrofatty infiltration many years
ago?’, and the fact that adipocytes can infiltrate myocardium, is well known. However, this
fact did not attract attention as until very recently there was no tool available for in-vivo fat
infiltration assessment. Kellman et. al. first developed the methodology of in-vivo imaging
of the infiltrated fat!4:18, which was used in this study. Our study underscores the
importance of infiltrated fat imaging and quantification. At the same time we acknowledge
that measurement of intraatrial fat requires special CMR techniques and is time consuming.
Our finding of strong correlation between intraatrial fat and interatrial septum width on a
standard 4-chamber CMR view suggests that the simple measure of interatrial septum width
might serve as a marker of the degree of adipose tissue infiltration of the atria. Future studies
are needed to test this hypothesis.

Role of interatrial septum in atrial arrhythmogenesis

Conditions, affecting interatrial septum, are known to be associated with a higher rate of
supraventricular arrhythmia. Massive adipose tissue infiltration of the interatrial septum?®
was shown to be associated with atrial arrhythmias, requiring antiarrhythmic medications2®.
High prevalence of atrial arrhythmia (25-50%) was noticed in patients with atrial septal
aneurysm39, Many abnormalities of the interatrial septum are considered to be of unknown
clinical significance. It remains unknown whether specific features of interatrial septum
itself, or associated abnormalities are related to the pathogenesis of atrial arrhythmia.
Development of the interatrial septum has been intensely studied3l. However, the exact
mechanism for the genesis of the adipose tissue in the interatrial septum is unknown. Further
studies are needed to compare fibrofatty infiltration of interatrial septum and other areas of
atrial myocardium, both in AF patients and in subjects at risk of AF.
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In addition, other mechanisms other than fat infiltration pathological processes in interatrial
septum are plausible. Hypertrophy of the interatrial septum, with subsequent fibrosis, might
contribute to interatrial septum thickening, as well. Unlike LV, LA myocardium is thin and
does not sustain hypertrophy long-term. Future studies are needed to explore possible
interaction between intraatrial fat infiltration and atrial myocytes hypertrophy.

While our study was not designed to compare interatrial fat before and after PV, we have
found that AF patients with PV1 history have smaller amounts of interatrial fat, as compared
to AF patients without PV history. We speculate that interatrial septum puncture facilitates
local fibrosis, which plays a role of confounding factor in this study.

Several limitations of this study should be acknowledged. First, we did not measure the EAT
volumetrically, which might explain absence of associations between ARIC AF risk score
and epicardial fat in our study. Previously FHS study analysis showed that epicardial fat is
associated with prevalent AF1L, However, the goal of this study was quantification of
intraatrial fat, but not epicardial fat. At the same time, intraatrial fat in this study was not
measured volumetrically as well. Meaningful findings of our study suggest that
measurement of intraatrial fat area might be sufficient. However, future study with
volumetric measurement of intraatrial fat is needed to validate our approach. Secondly, this
study population is small, and the statistical power of the study is limited. Moreover,
patients with AF history, and patients at AF risk in our study differed largely in their clinical
characteristics, and therefore, likely in the substrate of AF development, too. However,
unique CMR technique was used in this study, which for the first time allowed
quantification of infiltrated intraatrial fat. Third, we used slightly modified ARIC AF risk
score in order to determine AF risk in study participants. However, applied in this study AF
risk score was similar to recently reported CHARGE AF consortium risk score24, which was
developed in the largest to date sample of general population and therefore provided
optimized AF risk stratification. Importantly, our study was cross-sectional. Future
prospective studies are needed to validate association between interatrial infiltrated fat, and
AF development. Lastly, AF in our study was diagnosed based on carefully collected past
medical history, review of medical record, recorded 12 lead ECG and 30-45 min Holter
ECG. We recognize that silent paroxysmal AF might be missed, as study was not designed
for 30-days ECG monitoring or implantation of a loop recorder. Future studies are needed to
determine association between silent AF and interatrial fat.
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Figure 1.
Cardiac magnetic resonance (CMR) fat image by Fat-Water DB IR GRE sequence.

Representative example of fat infiltration in the inter-atrial septum using a dedicated CMR
sequence that allows fat and water imaging in separate. (A) Regular functional steady-state
free precession (SSFP) sequence; (B) “Water phase” — fat signal is suppressed; (C) “Fat
phase” — water signal is suppressed. A fat deposit can be observed in the inter-atrial septum
(arrows), with an increased signal in the “fat phase” and decreased in the “water phase”. The
robust fat-water separation obtained with this sequence can be observed in the pericardial fat
(arrow heads) imaging.
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Box-plot of infiltrated intraatrial fat area in groups of patients at AF risk and patients with
paroxysmal AF. Median (white vertical line crossing the box) and interquartile range [IQR]
(box). Whiskers specify the adjacent values, defined as the most extreme values within 1.5

IQR of the nearer quartile.
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Scatterplot of the interatrial septum width in cm () against intraatrial fat area in cm? (X)

with linear fitted line.
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