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SUMMARY

Introduction Atrial fibrillation (AF) is the most common supmvricular arrhythmia in
humans. Arrhythmogenic thoracic veins have beericaied not only in the initiation,
but also in the perpetuation of atrial fibrillatioRulmonary vein isolation is a mainstay
technique of treatment of paroxysmal AF (PAF), heere ablation of persistent atrial
fibrillation may require adjunctive methods of swhte modification. Both ablation
targeting complex fractionated atrial electrogra(@$-AE) recorded during AF and
fractionated electrograms recorded during sinushrny(SRF) have been described but
the relationship of CFAE to SRF is unclear.

One possible way to achieve that is by measunmbaaeraging the cycle length (CL) of
atrial activation at different sites across theaain the time domain, however CFAEs
frequently present a major obstacle to accuraten@dasurement. Therefore another
approach that is gaining popularity is to use gpéaialysis of atrial electrograms which
can be helpful when presenting spatial distributbdratrial rate in arrhythmias such as
AF that show some irregularity in CL or signal ainyale.

Beyond the electrical considerations of AF, theeptal mechanical consequences are
also important and multiple factors contribute wadtional mitral regurgitation (MR) in
patients with AF. The relationship between AF agded left atrial (LA) remodeling,

and its influence on the mitral apparatus havebeen investigated.

Objectives
1. To elucidate the relationship between the digtion of CFAE/fragmented areas in the
LA during AF and fragmented areas during SR, andlyse the mechanism of

electrogram fractionation during SR.
2. To test our hypothesis that AF control afteriohdquency ablation (RFA) would
result in reduction in MR by facilitating benefitiemodeling of the LA and mitral

apparatus.

3. Using spectral analysis of AF, to investigate tlstribution of dominant frequencies



(DFs) in the atria and pulmonary veins (PVs) duriRgéF and the response to

arrhythmogenic PV isolation.

Methods

1. Twenty patients (age 62+9 yrs, 13 male) withsig¢ent AF and 9 control subjects
without organic heart disease or AF (age 36%6, £manderwent detailed CFAE and
SRF LA electroanatomic maps. The overlap in lefiabregions with CFAE and SRF
were compared in the AF population, and the digtrdn of SRF was compared among
AF patients and normal controls. Propagation mapsevanalyzed to identify activation

patterns associated with SR fractionation.

2. We performed a retrospective cohort study. Patiantiergoing first AF ablation (n:
828) were screened. Included patients had echagaedns at the time of ablation and at
1-year clinical follow-up. The MR cohort (n: 53)cat least moderate MR. A reference
cohort (n: 53) was randomly selected from thoséeptt (n: 660) with mild or less MR.
Baseline echocardiographic and clinical charadiesisvere compared, and the effect of

restoration of sinus rhythm was assessed by follpvechocardiograms.

3. Arrhythmogenic structures inducing PAF were idesd during isoproterenol
challenge in 26 patients (15 males, 55.00 + 8.4#s)je During sustained PAF sequential
recordings were made with a decapolar circular nmgppatheter from each PV and the
left atrial posterior wall (LAPW), together with mmary sinus (CS) and right atrium (RA)
recordings. DF was determined using Fast-Fouri@n3fiormation. RFA was directed

first at arrhythmogenic PVs.

Results

1. SRF (3381150 points) and CFAE (418%135 points) argicomprised 29+14 and
2515 % of the LA surface area, respectively. Thewes no significant correlation
between SRF and CFAE maps (r=0.2, P=NS). Comp&inhgatients and controls, there

was no significant difference in the distributioh 8RF between groups (p=0.74).



Regions of SRF overlapped areas of wavefront eoflig5+13% of the time.

2. MR patients were older than controls and more dfi@ah persistent AF (62% vs. 23%,

p <0.0001). MR patients had larger left atria (voduindex: 32 cm3/m2 vs. 26 cm3/m2, p
=0.008) and annular size (3.49 cm vs. 3.23 cmP@81), but similar left ventricular size

and ejection fraction. Annular size, age and pestsAF were independently associated
with MR. On follow-up echocardiogram, patients ontinuous sinus rhythm had greater
reductions in left atrial size and annular dimensiand lower rates of significant MR

(24% vs. 82%, p= 0.005) compared with those in wisoras rhythm was not restored.

3. PAF initiated from the PVs in 24 patients and frBi in two. There was a significant
frequency gradient from the arrhythmogenic strietiorthe PVs, CS, LAPW and RA (p
< 0.0001). Sixty for percent of patients had AFntegration upon isolating the

arrhythmogenic PV antrum.

Conclusion

There is little overlap between regions of CFAE idgr AF and regions of SR
fractionation measured in the time or frequency a@ionand the majority of SRF appears
to occur in regions with wavefront collision. Thistdbution of SRF is similar in normal
controls suggesting this may not have an imponaletin AF maintenance and may not
be a suitable ablation target.

With AF control after RFA patients with signifidaMR at baseline, had reduction in
MR, LA dimensions and mitral annular size. Thessenbations suggest a relationship
between AF induced LA remodeling, mitral annuldat@tion and functional MR that
can be reversed with control of AF after RFA.

Triggering structures harbor the fastest actiaityl consequently show the highest DF

during sustained PAF pointing to their leading riol@erpetuating the arrhythmia.



Introduction

Atrial fibrillation (AF) is the most common supravecular arrhythmia in humans. For
many years it has been considered a "random" psoesvever, research during the last
decade has indisputably shown that there is arpattfieorganization in this arrhythmia.
The landmark discovery of Haissaguere et al. tHatisAfrequently initiated by ectopic
beats arising from the pulmonary veins (PVs) hadight on its initiation, and since
than, pulmonary vein isolation (PVI) has become all-established and successful
method of treatment for paroxysmal atrial fibriktat (1). However, the success rate using
the same strategy has been suboptimal in the trsiI®AF population and the
mechanisms of AF maintenance are still a subjediebhte.(2) Moe et al. first attempted
to explain AF maintenance by the multiple wavelgpdthesis (3) that was later
corroborated by the studies of Allesie et al (4).récent years there is accumulating
evidence from animal experiments and human dataARas maintained by rotors that
demonstrate regular fast activity and fibrillatocpnduction to the rest of the atria
producing the well known irregularly irregular EQgattern of AF (4-6). This theory
fuelled research into accurate mapping and reptatsem of atrial rate throughout the
atria during AF because sites of high atrial ratghtnrepresent structures critical to AF
initiation and maintenance and amenable to ablation

One possible way to achieve that is by measunmbaaeraging the cycle length
(CL) of atrial activation at different sites acrdhe atria in the time domain (7). However
complex fragmented atrial electrograms (CFAE) fexgly present a major obstacle to
accurate CL measurement. Therefore another apptbatis gaining popularity is to use
spectral analysis of atrial electrograms which banhelpful when presenting spatial
distribution of atrial rate in arrhythmias suchAds that show some irregularity in CL or
signal amplitude.(4-6,8-11).
These observations that AF triggering and mainteeanechanisms may be different,
and thus ablation of persistent AF may necesditaiggeting of both triggers and substrate
has led to the development of techniques for modifithe left atrial substrate in the

persistent AF population.



Targeting of CFAEs recorded during AF describedNademanee et al. as a
stand-alone AF ablation procedure with a high ssecete (12). However, other
investigators have not been able to confirm sinefficacy (13, 14). Consequently, it has
often been applied as an adjunctive technique tb FPWe mechanism(s) underlying
CFAE observed during AF remain unclear. Numeroyseamental and clinical studies
suggest that CFAE can represent potential soumtg®riant to the perpetuation of
AF,(15-19), while others have demonstrated that phienomenon may represent passive
wavefront collision. (20).

Fractionated electrograms also have been observtkileft atrium (LA) during sinus
rhythm (SR) in patients with AF (21) It has beeogwsed by Pachon and colleagues that
complex electrogram morphologies in SR recordefréyuency domain techniques and
termed “AF Nests,” can serve as a pathologic satestfor AF(22). Radiofrequency
ablation of these sites in SR had a favorable impadong-term arrhythmia control in
both paroxysmal and persistent AF patients in onays(23).

There is substantial evidence demonstrating a tdagsociation between AF and
LA remodelling.(24) The most important clinical maark of remodelling is LA
dilatation. It has generally been thought that Advedops primarily as a consequence of
LA dilatation, which is caused by various undertyipathologic processes, such as
hypertension or coronary heart disease. Howeves,htypothesis does not explain the
occurence of AF in patients who do not have anyiaiss structural heart disease;
nonetheless, atrial enlargement is observed irethasents as well. (25)
Moreover, there is a linear relationship betweenrttagnitude of LA dilatation and the
duration of arrhythmia in patients with persisteAF, (25) and after succesful
cardioversion or RFA, LA size may decrease and lWwAction improves significantly (26,
27, 28). Accordingly, it seems that AF can be aseaas well as a consequence of the LA
remodelling process (29). The association betwieen.& size/dilatation and mitral valve
function is less well understood. The competentahivalve needs well coordinated
function of mitral annulus (MA), left ventricle (Dyand LA.(30)
Even patients with lone AF may have MA dilatatioromparable to dilated

cardiomyopathy (DCM) patients , (31) and it hasnbgleown that MA enlargement play
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a central role in the development of functional ralitregurgitation (MR) (32).
Additionally, MA area is more closely associateshwiA than LV volume indexes in a
DCM population; consequently, LA size can affectratiannular size even independent
of LV dimensions, and isolated left atrial enlarggrmhmay cause mitral regurgitation in

the presence of normal LV size and a structuraligat mitral apparatus. (32, 33)

Based upon the informations, mentioned above, thpgses of the present work were
the following

1.: Since CFAE recorded during AF and fractionatedctebgrams recorded
during sinus rhythm (SRF) have both been suggestezh ablation target, we sought to
elucidate the relationship between the distributbitCFAE/fragmented areas in the LA
during AF and fragmented areas during SR, and tleehanism of electrogram
fractionation during SR.

2. According to the observations associated with AB &A remodelling we
hypothesized that the prevalence of mild to mageoa more severe MR is higher in the
population of patients candidate for RFA of AF aafter a succesful procedure the
functional MR may decrease as a consequence ofrseevieA and mitral annular
remodelling.

3.: In order to provide reliable electrical inforn@ti about the arrhytmogenic
structures that are responsible for the geneswtradl fibrillation we performed initial

methodological testing of spectral analysis.

Methods 1.

Patients undergoing ablation of persistent AF wectuded in the study. Persistent AF
was defined as AF that persisted > 1 month or tyyatally required cardioversion for
AF termination. All patients provided written infoed consent. Antiarrhythmic
medications were held more than five half livesobefthe procedure, except amiodarone
which was held for 1 week.

Decapolar catheters were placed in the postegbt atrium (RA) and coronary sinus. A

circular mapping catheter (10-pole, adjustable 55+2n Lasso, 6-mm bipole spacing,
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Biosense Webster, Diamond Bar, CA, USA) and a 3%ip irrigated ablation catheter
(Celcius Thermocool, Biosense Webster; Diamond ®&) were introduced in the LA
through double transseptal puncture. IV heparin whsed throughout the procedure to

maintain an ACT of >350 seconds.

CFAE maps

A three-dimensional LA geometry was created ushegNavX electroanatomic
mapping system (NavX, St. Jude Medical, St. PalN).Mfter the geometry was created,
a detailed bipolar LA CFAE map was acquired durkfg using the circular mapping
catheter; undersampled areas were filled in usig @blation catheter (<10% of all
points). The CFAE map was acquired on-line usingraated NavX algorithm. At each
point, deflections above baseline were automayicaktected, and the mean AF
fractionation interval (FI) was calculated by awgng the intervals between deflections
over a 5-second window. (refractory period = 50 mgjth =10ms; sensitivity 0.05 —
0.1mV). The sensitivity was adjusted on a per patrasis. The lasso catheter was placed
distally into a pulmonary vein where no atrial mulature was present, and the detection
sensitivity was set just above the level of backgrbnoise. Points were only included if
they were within 8 mm of the geometry shell, thusimizing the acquisition of internal
or external points that were not in contact wita thA. Regions with a mean FI'ZHOms
were defined as the CFAE. After the procedurepaihts were manually over-read and
signals with significant noise were excluded. Altracardiac signals were acquired at a
sampling frequency of 1200 Hz.

Snus Rhythm Fractionation Map

After DC cardioversion to sinus rhythm followed &yb-minute waiting period, a
second detailed bipolar LA activation map was a@glin SR, using the same circular
mapping catheter. Care was taken to assure andssteibution of points throughout the
left atrial geometry. Offline, premature atrial beavere eliminated. Sinus rhythm
fractionation (SRF) was calculated manually for heatectrogram by counting the
number of deflections present in each electrogr&igufe 1) and recoding the total

number of deflections as the peak-to-peak voltégehis manner, a color-coded sinus
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rhythm “fractionation map” could be displayed. (kg 2).

Normal conduction typically results in three defiens of the bipolar electrogram (34).
In order to determine a cutoff for the number offlektions that was considered
“abnormal,” we determined the 95th percentile efcelogram deflections from our nine
patient normal controls, after excluding septahpowhich have both right and left atrial
components. We found that 95% of bipolar electiogy showed 5 deflections in our
healthy control population, therefore electrogramih more than five deflections were

defined as abnormally fragmented.

Wt Ui

Figure 1.

Example of manual calculation of number of defletsi assigned to each atrial electrogram. Each
change in slope was incremented to give a totalbeuraf deflections. The atrial electrogram on
the left is normal appearing and has a fractionatimlex of 4. The electrogram on the right is

fractionated and has a fractionation index of 8.
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‘ 5 deflections

-

‘ 2 deflections

Figure 2.

A: Time domain manual LA sinus rhythm fractionatioap in antero-posterior view using NavX
3 D mapping system. The number of deflections wasually counted for each electrogram and
displayed on the left atrial map (>5 deflectionsrgbe). A representative electrogram from a
fractionated and a non fractionated region is showrthe right. B: Automated FFT ratio map
(FFT ratio >20%=purple). Note the similarity in t@pearance of the two maps. FFT = Fast

Fourier Transformation; LSPV = left superior pulraonvein; RSPV = right superior
pulmonary vein.
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A frequency domain measure of left atrial sinus thiry bipolar electrogram

fractionation was also used. The "FFT ratio” (Hastrier Transformation ratio, FFTr )
of high(>100 Hz) to total (0-300 Hz) spectral poweas automatically computed and
displayed on the electroanatomic map using a cugashversion of the NavX software
(Figure 3). We found that an FFT ratio cutoff of082 identified areas of fractionated
electrograms during sinus rhythm.

300Hz

100Hz
100Hz 300Hz

0 100 200 300

OHz 100Hz

Hz

Figure 3.

Calculation of FFT ratio. The frequency spectrunthef sinus rhythm atrial electrogram is first
calculated by taking applying a Hanning window #meh calculating a 1024 point FFT. The area
under the curve from 100-300Hz is then dividedh®ydrea under the entire spectrum to calculate
the FFT ratio. This ratio is higher for fractiondteelectrograms. FFT: Fast Fourier

Transfromation

Left Atrial Activation Maps During Snus Rhythm and Coronary Snus Pacing

The high density sinus rhythm maps also allowelétailed reconstruction of left
atrial endocardial activaton. Regions of SRF weudlimed on the LA geometry and
activation patterns in regions of SR fractionatieere examined in order to determine the

mechanisms of fractionation. We hypothesized theas of sinus rhythm fractionation
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might be related to wavefront collision, and therefareas of wavefront collision were
all manually annotated on the maps.

Finally, we also altered the pattern of wavefrorapgagation by pacing from the distal
coronary sinus and repeating a third detailed bipattivation map during coronary sinus
pacing. The overlap between regions of LA fracttmrarecorded during CS pacing and

regions of wavefront collision during CS pacing wasculated.

Control group

In order to determine the distribution of SRF inrmal controls, nine control
subjects without structural heart disease or histbrAF underwent detailed bipolar LA
maps in SR (CARTO XP, Biosense Webster, Diamond 84). These patients had all
undergone mapping and ablation of paroxysmal semtaicular tachycardia (3 Wolf-
Parkinson-White syndrome, 4 concealed left lataadessory pathways, 1 focal atrial

tachycardia).

Quantitative analysis

The LA surface was divided into 9 segments: lefinmnary veins, right
pulmonary veins, roof, septum, anterior wall, latewall, posterior wall, left atrial
appendage and mitral annulus (extending 1 cm fioennbitral valve plane). Each AF
CFAE region, each SR fractionation region and gag8hpacing fractionated region was
outlined. The percentage of each anatomic segnteit was encompassed by each
fractionated region was calculated for each ma. @drcent overlap between CFAE and
SRF was counted as the area common to both CFABSRRddivided by the total area of
CFAE. (Figure 4). CFAE and SRF data were also drpoto SPSS to calculate a
correlation coefficient between maps. Since thal toumber and location of CFAE and
SRF points differed for each map, we exported B24levenly spaced map data points
that were calculated by the NavX system using lime&rpolation.
The percent overlap between the fractionated avaathe manual and automated FFtr
maps was calculated as the area common to bothnsedivided by the total area of SRF
in each segment. The percentage of areas of wanefadlision that were within regions

of fractionation (# collisions within fractionatexea / total # collisions) was calculated



16

for the sinus rhythm and CS pacing maps.

ﬁ'} CFAE MAP
~

SRF MAP

O3

Figure 4

Left atrial CFAE map acquired during atrial fibatlon using NAvX 3D mapping system (panel

A). White colour represents CFAE areas, outlinethualack. Left atrial manual sinus rhythm

fragmentation map in the same patient and same {pewel B). Purple colour represents the
fragmented areas in sinus rhythm, outlined withtathPanel C demonstrates the calculation
method of overlap between the left atrial CFAE aimls rhythm fragmentation areas (brown
striped area). CFAE: Complex fractionated elecmots, SRF: sinus rhythm fragmentation, LA:
left atrium

Voltage analysis
Since the voltage characteristics of normal humanake not well defined, we

measured the global and regional unipolar (UNI) aimblar (BI) signal amplitudes in
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the control patients to determine the optimal \gdtautoff for the normal left atrium.
These data served as a standard for comparingethenal distribution of low voltage
areas in AF population and controls. Finally, walgped the voltage in regions of SRF
in AF patients compared to healthy controls. Fer dhipolar voltage analysis in healthy
controls we used Wilson’s central terminal as &nexice pole. Unipolar signals were
filtered from 0.05Hz -500 Hz, and bipolar signaism 30 -500 Hz.

Satistical analysis

Data are presented as mean + 1 standard devi&@omtinuous data were compared by
using Student's t test and categorical data wighythtest. For the map comparisons, a
Pearson's correlation coefficient was calculateivéen the SRF and CFAE maps and
linear regression was used to calculate statiststghificance. Comparison of the
proportion of fractionated SR electrograms and lmitage areas in each region between
the control and AF patients was performed by usmudfivariate analysis of variance. A
P value of <.05 was considered significant.

Methods 2.

We performed a retrospective cohort study to datenwhether AF is associated with
significant atrial functional MR.

The institutional review board at the University BEnnsylvania approved the studll
patients referred to the University of Pennsyladdealth System for catheter ablation of
drug refractory AF between June 2003 and Decerpd@8 were eligible for inclusion.
Reports from transthoracic echocardiograms perfdrwiéhin 3 days of catheter ablation
of AF were screened, and an experienced researcbcaaiographer analyzed the
images of those with greater than mild MR. All pats with secondary Type | MR of at
least moderate severity (as described in the fatigwext) and who also had complete 1-
year clinical follow-up after ablation were inclutdén the MR cohort. The reference
cohort was randomly selected in a 1-to-1 fashi@mfithose patients with mild or less

MR on initial report screening and subsequent imag#dysis and who also had complete
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1-year clinical follow-up. Patients with an ejectifvaction <50% were excluded to avoid
including patients whose MR might be due to ventar dysfunction. Demographic and
clinical information were prospectively obtained all patients. The clinical AF

syndrome was determined based on the predomindmttlamia presentation at the time
of admission and was defined as paroxysmal if ABagfes were self-terminating in < 7
days and persistent if typical AF episodes lastédlays and/or required intervention for

termination.

Ablation procedure

All patients underwent proximal antral PVI, guide intracardiac echocardiogram and
circular multipolar electrode catheter recordingsl @limination of all provocable PV
triggers and all non-PV triggers resulting in AB,@eviously described (Method}. All

4 PVs were isolated routinely in patients with atdiy of persistent AF, those without
provocable AF triggers, and those patients withificant risk factors for AF including a
history of hypertension, LA enlargement, and thoser the age of 50 years. In the
remaining selected patients, we isolated arrhyttenmg PVs only.

Patient follow-up

Patients were routinely treated with previouslgfiactive antiarrhythmic medications
(usually a class 1C agent or sotalol) prior tockizsge. The patients were clinically
evaluated as outpatients at 6 to 12 weeks, 6 moatiis1 year, at which time they were
gueried for symptoms and 12-lead electrocardiograser® obtained. Echocardiograms
were performed at the first visit and at the secam third visits, at the treating
physician’s discretion. Antiarrhythmic medicationsre typically discontinued at 6 to 12
weeks if patients had paroxysmal AF and at 6 motfttiey had persistent AF, but were
continued beyond this point in selected patientstan doctor and/or patient preference
even in the absence of an arrhythmia event. Theermat were provided with a
transtelephonic monitor (TTM) and instructed tonsait 2 times daily and with

symptoms during the first 4 weeks after ablatioheyl were then instructed to transmit
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once at 6 to 12 weeks, then once at 6 months arehil Patients also made additional
TTM transmission if they had any arrhythmia sympsoat any time during follow-up

and/or when antiarrhythmic medications were disomed. Source documentation of
arrhythmia recurrence was sought. The first 3 m®atiter ablation were censored from
follow-up for judging recurrence. One-year AF reemce was defined according to
consensus guidelines as any documented electrogaaghic episode of atrial

arrhythmia lasting 30 s or longer with or withoytrgptoms (35). Recurrence at the time
of follow-up echocardiography was defined as angctebcardiographic recurrence

during the 6 months preceding the echocardiogram.

Echocardiography

Standard 2-dimensional and Doppler echocardiograpitly color flow mapping was
performed according to the standard clinical protat the University of Pennsylvania
Health System. Echocardiograms were then analyfBithe using digital analysis
software (KinetDx, Siemens, Mountain View, Califi@n by a single research
echocardiographer, blinded to patient outcomes #ndhe relative timing of the
echocardiogram. LA anterior—posterior systolic de@n was measured in the
parasternal long-axis view, and the major axishef LA was measured in the apical 4-
chamber view. LA area at endsystole was measurgeeiapical 2- and 4-chamber views.
Similarly, LA volumes at end-systole were measuiredhe apical 2- and 4-chamber
views using a single-plane modified Simpson’s mdtbb discs, and values averaged.
Mitral annular dimensions were measured in paraatéong-axis, apical 2-chamber, and
apical long-axis views. MR color jet area was meadin the apical 4-chamber,

apical 2-chamber, and apical long-axis views. Cdbmppler scale and, therefore,
Nyquist limit were determined by the clinical al$onographer and in general were set to
50 to 70 cm/s. The ratio of MR color jet area to bfea (MR/LA ratio) was then
calculated, using the largest measured valuesdir. Mild MR was defined as a

MR/LA ratio of >0.1 t0<0.2, moderate MR as80.2 t0<0.4, and severe &9.4. Only

patients with moderate or greater MR were incluidettie MR cohort. Leaflet
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motion was characterized as normal, excessiveggrictive Only patients with normal
mitral leaflet motion (Carpentier Type I) were lunded in the MR cohort. Patients with
any evidence of primary leaflet involvement, sashfrom prior endocarditis, rheumatic
valve disease, congenital anomaly, or significantraih annular calcification, were

excluded.
Satistical analysis

This study had 2 primary analyses. The first was di&fine the clinical and
echocardiographic characteristics associated vigthifcant atrial functional MR. The
second primary analysis was the change in MR dgvassociated with restoration of
sinus rhythm. All continuous variables are presgérgde mean = SD, categorical values
are presented as percentages, and odds ratioseaenfed with 95% confidence intervals
(Cls). For comparisons between the MR and referenberts, continuous variables were
compared with & test, and categorical values were compared useig-sguare test. For
paired samples within groups, continuous variablese compared using a pairetest.
We performed binary logistic regression in orderdetect the variables that were
independently associated with significant MR. Albaels were constructed using those
variables whose univariate correlation with sigrafit MR had p< 0.1. For the between-
group comparisons of MR grade by category, we wsétliicoxon rank sum test. All

significance tests were 2-tailed, and p < 0.05 emssidered significant.

Methods 3.

To test the spectral analysis of AF we aimed toattarize the dominant frequency (DF)
distribution in the atria and PVs shortly aftertieion and during sustained paroxysmal
AF in relation to the specific arrhythmogenic stuwre triggering the episode.Test
patients were included if they had frequent episodk PAF resistant to at least one
antiarrhythmic medication. PAF was defined accagdimthe currently accepted criteria.
Exclusion criteria were previous catheter ablafmmPAF, non-paroxysmal AF, previous

heart surgery involving atriotomy, severe valvut@art disease, LA thrombosis and/or
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contraindications to prolonged anticoagulation.. ti&mhythmic medications were
withheld for at least 5 half-lives apart from amaooine which was discontinued 1 month

before the procedure.

Electrophysiological study and follow-up

After written informed consent was obtained alligrils were studied in the fasting state
under light conscious sedation with midazolamzfeyta Following femoral venous
access decapolar steerable electrophysiologic teash@nterelectrode spacing 2-5-2 mm,
Dynamic Deca, Bard Electrophysiology, Lowell, MASH) were positioned in the CS
and at the posterolateral RA wall with the distglobe at the junction between the RA
and superior vena cava (SVC). After double transsgmncture a decapolar circular
mapping catheter ( Inquiry Optima, St. Jude Medidatine, CA, USA ) and a
quadripolar, 3,5 mm irrigated tip mapping/ablatioatheter (Navistar Thermocool,
Biosense Webster, California, USA) were advanced the LA. Intracardiac
echocardiography (ICE) (AcuNav, Acuson Corp, Moimddew, CA, USA) was used to
define the PV ostia and to guide catheter postigninitially, the circular mapping
catheter was positioned at the left PV antrum dred rhapping/ablation catheter was
steered to the carina between the right PVs (Fi§uréf the patient presented to the EP
lab in sinus rhythm PAF induction was attempteddmproterenol infusion at a starting
dose of 3ug/min with subsequent increments ofu§/min until PAF was induced, the
patient developed side effects or the maximum dd26 ug/min was reached.

If the presenting rhythm was AF transthoracic eleal cardioversion was performed
before proceeding to AF induction. Atrial prematdepolarizations (APDs) identified as
PAF triggers were recorded using the above merdiaraheter configuration and the
endocardial activation sequence was analyzed. Batlyation at the poles positioned in
the superior or inferior regions of the left antrwith LA-PV electrogram reversal was
considered to signify left superior (LSPV) or lefterior pulmonary vein (LIPV) origin

of the APDs, respectively.to determine their origin
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Left antrum

Left antrum

Figure 5.

Fluoroscopic views (left anterior oblique (LAO 458pd right anterior oblique (RAO 25°)
showing catheters positioned in the left PV antrtine, carina between the right PVs (RPVS),
coronary sinus (CS) and the right atrium with itstal bipole in the superior vena cava
(RA/SVC). This catheter configuration was used &mord intracardiac signals during AF

induction.

Triggers demonstrating early activation at the pdteated at the level of the left carina
were considered to arise from the left PVs withfauther specifying their origin to the
LSPV or LIPV. APDs were considered to arise frone thight PVs if the earliest
activation during APD was recorded at the right &¥ina and the quadripolar catheter
positioned there demonstrated distal to proximalvation and/or LA-PV potential
reversal. When eatrliest atrial activation was rdedrat any of the CS or RA bipoles
these structures were identified as triggers. Updaoction of sustained AF isoproterenol
infusion was discontinued and further signal resugsl were made after a 5 min waiting
period. During sustained AF the circular cathetaswsed to record signals sequentially
from each PV ostium and the LA posterior wall (LAP¥imultaneously with recordings
from the RA and CS. After achieving stable cathetesition as assessed by fluoroscopy
and ICE, signals were recorded for at least 30freea all catheter bipoles at a sampling
rate of 997 Hz/sec using a commercially availahigital EP recording system (GE
Cardiolab, General Electrics, Milwaukee, WI, USA).
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Sgnal analysis

Intracardiac signals were analysed utilizing a awostdesigned computer
application prepared with the LabView software @agk (National Instruments, Austin,
Texas). Signals were bandpass filtered betweenn80580 Hz, rectified and then low-
pass filtered at 20 Hz. Following this preprocegaanFFT with a Hanning window was
performed on two consecutive 5-seconds episodétedignal from each bipole from all
catheters (frequency resolution 0.2 Hz). The fregyespectrum in the 3-15 Hz range
was obtained and the DF was determined as thepiélakhe highest power. Regularity
index (RI) was also calculated as the ratio of #mnea under the DF peak and its
harmonics to the area under the whole spectrumedarthe above mentioned frequency
range The maximum DF value from all bipoles of esithcture was taken as the DF of
that structure and used for further analysis A#ardings demonstrating RI<0.25, low
signal-to-noise ratio or far-field ventricular sgnwith high amplitude were excluded
from the analysis. Signals were also excluded efg¢hwere major discrepancies in the

median AF cycle length measured manually in thettamain.

Satistical analysis

Continuous data are presented as mean * standaidtiole (SD). The regional
differences in DF distribution were analysed witleavay ANOVA. Pairwise post-hoc

comparison was done after Bonferroni correction.

Results 1

Twenty patients with persistent AF were includedhia study.Baseline characteristics of
the patients are summarized in Table 1. Prior tataim, patients had tried a mean of 1.4
+ 1.3 antiarrhythmic agents. One patient was takimgpdarone, and it was discontinued
one week before the procedure.
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Table 1 Baseline characteristics

Variables AF patients Control subjects P
N=20 N=8
Age (years) 61+9 3616 <0.0001
Gender (% male) 75 50 0.371
*Left atrial size (cm) 44+0.5 3.840.2 0.006
LVEF (%) 58+ 9 67.816.5 0.020
Hypertension (%) 40 28.6 0.662
SR map points 338+150 169+37 0.002

SR: Sinus rhythm, LVEF: leftventricular ejectiomdtion, *: Left atrial antero-posterior

diameter, measured in parasternal long axis view

Comparison of AF CFAE and SR Fractionation Maps

An average of 418 + 135, and 338 + 150 points veeguired for the CFAE and
SRF maps, respectively. CFAE comprised 25 +15%bhef ItA surface area. CFAE
regions were most prevalent on the LA septum (3&¥ierior wall (44%) the roof of LA
(45%), and least prevalent in the LAA (14 %). S&fronation encompassed 29 +14% of
the left atrium. SR fractionation was most prevatamthe LA septum (53%) and anterior
wall (45 %), and least prevalent in the LAA (12%).
Despite the similar general distributions of theo tdifferent measures of electrogram
fractionation, the location of the actual SRF arfeA€ regions were typically different,
with only 32+16% overlap (Figure 4). There was aisosignificant correlation between
SR fractionation and CFAE maps (r=0.2 p= 0.24)oider to examine the influence of
different settings on the overlap of CFAE and SREasurements were repeated with a
refractory period set to 30 msec in five patiegislding no statistical difference.
On the other hand, the appearance of the manudig8Ronation and automated FFTr
maps was quite similar, with abnormal electrogramssg both techniques comprising
29+14 and 31+12 % of the LA surface area, respelgtivThere was a significant
correlation between SRF, and FFTr maps ( r=0.6q0with 75 % overlap between the
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SRF and FFTr maps.

R Fractionation and Wavefront Collision

Analyzing the left atrial endocardial activatonings the high density sinus
rhythm maps, areas of wavefront collision were emgassed by regions of SRF
75%£13% of the time. (Figure 6). When activation sapere then repeated during
coronary sinus pacing at 500ms, there was a shithé areas of wavefront collision.
Along with these shifts in areas of wavefront @in during CS pacing, there was a
parallel shift in regions of electrogram fractidoat such that there continued to be an
87+ 13 % overlap between areas of fractionationnguiCS pacing and regions of
wavefront collision (Figure 7). This suggests tha majority of the regions of sinus
rhythm fractionation, whether recorded during sinloghm or CS pacing, were due to

wavefront collision rather than some inherent ctimrstic of the local atrial tissue.

Figure 6.
Left atrial propagation map during sinus rhythmt@AC, posteroanterior view) in an AF

patient. The yellow arrows depict the directionn@fvefront propagation Image D shows
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the left atrial sinus rhythm fragmentation map. @ercolor represents the fragmented
region on the posterior wall (more than 5 deflettlo Fragmented electrogram is
recorded (inset) where activation wavefronts cellid

SRF: sinus rhythm fragmentation

20 msec

20 msec

Figure 7.

Left atrial propagation map during sinus rhythm @8and coronary sinus pacing (C&D) in an
AF patient (NavX 3D mapping system). Craniocaudeiw White color represents depolarized
myocardium. Simple, non-fragmented electrograneé®rded during sinus rhythm, where
depolarization wavefront is single and homogenewuthe roof. During coronary sinus pacing, a
fragmented electrogram is recorded from the saee @frthe roof, where opposite wavefronts
collide( red broken line) RPV: right pulmonary veihPV: left pulmonary veins

Control group

In 9 patients with structurally normal hearts,ailed SRF maps were acquired. In
normal atria, SRF was most prevalent on the LAwsepit65%) and anterior wall (49%),
and least prevalent in the LA appendage (8%). SRpatients with AF and controls
comprised 29+14% and 32+20% of the LA surface arespectively. There was no
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significant difference in the distribution of SREtlveen the 9 healthy control patients
and the 20 patients with a history of AF(p=0.74jure 8).

T8 «— 5 deflections

I <+—2 deflections PA

t LAA Ant MA

Sep Post Roof La

Figure 8.

SRF areas in a control patient ( A), and in an Affgmt ( B) on the posterior wall using Carto XP,
and NavX 3D mapping systems, respectively. Purplercrepresents the fragmented regions.
Note the similarity in the appearance of the twgosaDverall distribution of SRF in controls
(light grey) and AF patients (purple) (C). LSPVftlsuperior pulmonary vein, RSPV: right
superior pulmonary vein, RIPV: right inferior pulmary vein, LPV: left pulmonary veins, RPV:
right pulmonary veins, Sep: septum, Post: posteriall, Lat: Lateral wall, LAA: Left atrial

appendage, Ant: anterior wall, MA: mitral annulus: Posteroanterior view.

Voltage characteristics
In control patients, the global mean LA Bl and UMltage amplitude in SR were
2.83£2.25 mV and 4.12+2.14 mV, respectively; 96P@ll Bl and UNI electrograms
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recorded from the LA were0.50 and >1.57 mV, respectively.

There was no difference in mean LA Bl voltage bemvthe AF patients and the controls
(2.80 £ 2.75 mV vs 2.83 + 2.25 mV, p= 0.68). Usthg 0.5 mV as a Bl voltage cutoff
indicating abnormal atrial substrate, we calculatesl percentage of low voltage areas
(<0.5 mV) in each LA segment (excluding the pulmgneeins) in AF patients and
normal subjects. In healthy controls, low voltaggnals were present rarely in the LA
septum (1%), roof (2%), anterior wall (2%), postefvall (3%), lateral wall (4%), mitral
annulus (4%), and LA appendage (0%). There was ifferehce in the segmental
distribution of low voltage areas between AF pateand healthy controls (p=0.829).
The mean bipolar and unipolar voltage amplitudaghef SRF signals (>5 deflections)
were significantly lower than the non-SRF signdpdlar 2.43+1.65 vs 3.62+2.72 mV,
unipolar 4.01+1.99 vs.5.07£2.47 p < 0.0001.

Results 2

There were 97 patients who met our criteria fonigigant MR after study review. Of
these, 54 had normal leaflet motion with no appiapeimary leaflet pathology (6.5% of
all patients undergoing first ablation), 53 of whbad 1-year clinical follow-up and were
included as the MR cohort. One patient requiredahitalve surgery in the first year
after ablation, but after her 6-month echocardiogrand was included in the analyses.
Of the 660 patients with mild or less MR and 1-yelarical follow-up, 53 patients were
randomly selected as the reference cohort.

Clinical characteristics of the MR and referencéarts are shown in Table 2. Patients
with MR were older, more likely to have persistehE, and more frequently had
hypertension. Ninety-seven percent of patients weinus rhythm at the time of their
baseline echocardiogram. Echocardiographic chaisiits of the MR and reference
cohorts are shown in Table 3. Patients with MR baghificantly larger LA size by
several measures and larger mitral annular dimessiout no difference in any measure

of left ventricular size or function. Among the esfnce cohort, 60% had trace or no MR



and 40% had mild MR. In the MR cohort, 72% had matte MR and 28% had severe

MR.
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Table 2. Clinical Characteristics of the MR and Referenoh@ts

MR Cohort Reference Cohort
{n = 53) (n = 53) p Value

Age, yrs 61.6 - 8.4 55.4 + 12.4 0.003

Male 70% (37) 66% (35) 0.68

Hypertension 62% (33) 43% (23) 0.052

Diabetes 6% (3) 11% (6) 0.30

Prior stroke or TIA 6% (3) 2% (1) 0.31

CHADS-2 score 09+ 0.7 0.6 + 0.7 0.052

Persistent AF 62% (33) 23% (12) <0.0001

Table 3 Echocardiographic Characteristics of the MR arfeRence Cohorts
MR Cohort Reference Cohort
{(n = 53) {n = 53) p Value

LA dimension, cm 438 + 0.56 4.03 + 0.52 0.001
LAA, cm? 218+ 52 19.2 + 3.3 0.003
LA volume, cm?® 68.5 + 29.3 55.2 + 141 0.004
LA volume index, cm®/m? 31.8+ 129 26.4 + 6.6 0.008
Mitral annulus dimension, cm 349+ 031 3.23 * 0.42 0.001
MRJA, cm? 6.0+ 2.7 1.2 +0.7 <0.0001
MRJA/LAA ratio 035+ 0.11 0.09 + 0.04 <0.0001
Ejection fraction, % 615+ 7.1 622 7.1 0.63
LV end-diastolic dimension, cm 5.01 + 0.57 492 +0.49 0.39
LV end-systolic dimension, cm 341+ 058 3.25 £ 0.62 0.17
Septal thickness, cm 1.14 + 0.21 1.09 = 0.19 0.21
Posterior wall thickness, cm 1.10 = 0.17 1.06 * 0.17 0.31

Values are mean + SD or % (n). TIA = transient ésalt attack. LAA: left atrium area, LV = left

ventricle, MRJA = mitral regurgitation jet area.
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Binary logistic regression models were construttedetermine the variables that were
independently associated with significant MARtral annular dimension had the largest
odds ratio in the final model (8.39 per cm, 95% L84 to 36.35 per cm, p =

0.004).( Fig.9)

Odds Ratio & 95% Confidence Interval OR 95%CI
Age (per 10 years) —— 1.89 1.12-3.22
Hypertension i 2.08 0.76 -5.74
Persistent AF | 521 1.94-13.98
LA Volume Index e | 1.15 0.82-1.61
(per 5 cm®/m?)
Annular Dimension B 8.39 1.94 - 36.35
(per cm)
0.1 1 10 100
Figure 9

Forest Plot lllustrating the Independent Predictdratrial Functional MR. All univariate
predictors with < 0.1 were included in the model. The x-axis is dogarithmic scale. Cl =
confidence interval; LA = left atrium; OR = oddgica

Follow-up echocardiography

Follow-up echocardiograms were available in 32hef 53 patients in the MR cohort, an
average of 277 days after ablation. There weretaiisscally significant differences in
any clinical or echocardiographic characteristiebMeen the patients with and without
follow-up echocardiograms, nor was there a diffeeein 1-year clinical outcome.
Rhythm status at follow-up was defined as descridisul/e, applied only to the 6 months
preceding echocardiography. By this definition, gtients were free of recurrence and
11 patients had recurrence of AF. Ninety-four petad# patients were in sinus rhythm at
the time of follow-up echocardiography. At the timkablation, patients with eventual
recurrence had larger measures of LA size (LA velundex: 41.3 ciim? vs. 28.2

cm’/m?, p = 0.02), with nonsignificant trends towardsgkar regurgitant jet area and
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mitral annular dimension (Table 4). Other echocathphic measures were not

significantly different between the 2 groups atdlia®.

At follow-up, both groups had reductions in LA sibait only the group in sinus rhythm
had a significant decrease in mitral annular dinené3.41 cm at baseline to 3.24 cm at
follow-up, p = 0.02). Both groups experienced safeerease in MR, but at follow-up,
the patients in sinus rhythm had significantly I&4R than patients with AF recurrence
(MR/LA ratio: 0.16 vs. 0.28, p = 0.005) (Table 4lespite being similar at baseline.
Measures of left ventricular size and function ramed similar between both groups at

follow-up.

At baseline both groups had similar percentaggmbénts with moderate and severe MR
(p = 0.72) (Fig.10). At follow-up, 19% of the patts in sinus rhythm had trace or no
MR, compared with 0% in the recurrence group, ar %n the sinus rhythm group had
mild MR compared with 18% in the recurrence groOply 24% of the sinus rhythm
patients still had significant MR at follow-up, cpared with 82% in the recurrence
group (p = 0.005 for entire trend) (Fig.10).

Follow-up echocardiograms were available in 32 led 63 patients in the reference
cohort, an average 300 days after ablation. Theeee wio statistically significant
differences in any clinical or echocardiographiareitteristics between the patients with
and without follow-up echocardiograms, nor was ¢hardifference in 1-year clinical
outcome. Using the definition of rhythm status désd above, 17 patients were in sinus
rhythm and 15 had a recurrence at the time of ewldamgraphy. There were no

significant echocardiographic differences betwédengroups at baseline .
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Table 4 Follow-Up Echocardiographic Characteristics of K@Bhort Patients With Recurrence
Versus Sinus Rhythm

Rhythm at Value
Follow-Up pVva p Value
. (Initial
Echocardiogram . (Recurrence
Initial Follow-Up VS. .
(Recurrence Follow- vs. Sinus at
n=11, Sinus Up) Follow-UP)
n=21)* P
LA dimension,
cm Recurrence 472 +0.62 4.58 +0.p4 0.1p 0.05
Sinus 4,31 +0.541 4.16 £0.53 0.09
LAA, cm? Recurrence 25.5+8.0 21.9+4)0 0.04 0.01
Sinus 20.7 + 3.671 185+ 3.0 0.01
LA  volume,
cnt Recurrence 88.1+50.4 66.4+18.4 0.0 0.02
Sinus 62.3+17.81 52.4+12|7 0.07
LA volume
index, cn/m? Recurrence 41.3 +22.( 31.2+£8|0 0.06 0.007
Sinus 28.2+7.6% 23.9+6.0 0.02
Mitral annulus
dimension, cm Recurrence 3.59+0.27T 3.48+0.34 0.209 0.06
Sinus 3.41+0.29] 3.24+0.31 0.02
MRJA, cnf Recurrence 7.2+3.0 54+3.7 0.11 0.001
Sinus 58+25 2.2+1.5] <0.0001
MRJA/LAA
ratio Recurrence 0.37 £ 0.1( 0.28 £ 0.14 0.04 0.005
Sinus 0.34+£0.09] 0.16 £+0.09 <0.00p1
Ejection
fraction, % Recurrence 63+11 62 +11 0.73 0.58
Sinus 61+7 63 %5 0.17
LV end-
diastolic
dimension, cm Recurrence 5.10+0.28 5.01+0.82 0.0b 0.83
Sinus 5.06 £ 0.66/ 5.05+0.53 0.89
LV end-
systolic
dimension, cm Recurrence 3.30+0.41 3.20+0.p9 0.5p 0.88
Sinus 3.50+0.65| 3.23+0.57 0.02
Septal
thickness, cm Recurrence 1.22+0.19 1.15+0.17 0.3b 0.36
Sinus 1.14+£0.16/ 1.10%0.23 0.42
Posterior wall
thickness, cm Recurrence 1.17+0.18 1.11+0.13 0.2 0.36
Sinus 1.07+£0.12) 1.06+0.14 0.8d
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Values are mean+ SD. Echocardiographic charadtsrist the patients with significant MR and
follow-up echocardiograms are shown. Patients eoempd according to their rhythm status at
the time of follow-up echocardiography as recureeotatrial fibrillation (AF) or sinus rhythm.
The p values in the second column from the rightesent comparisons between baseline and
follow-up within each group. The p values in theaficolumn are for comparisons of follow-up
values between the recurrence and sinus rhythnpgrdlihese numbers are different from 1-
year recurrence because status was assessed af fotlew-up echocardiography and only took
into account the preceding 6 months. tBaseline eoisyn between recurrence and sinus groups
had significant or near-significant p values for d#nension (p=0.06), LA area (p=0.02), LA
volume (p=0.04), and LA volume index (p=0.02). Thmaining baseline comparisons were not
significantly different.

Baseline Follow-Up
p=0.72 p=0.005

100% -

80%

0, .
Gl u Severe
Moderate
40% - = Mild
71%

64% = Trace/None

Percentage of Patients

20% -

0% T , :
Recurrence Sinus Recurrence Sinus
Rhythm Rhythm

Figure 10MR Severity at Baseline and Follow-UpPatientsaategorized by the rhythm at the
time of follow-up as recurrence of atrial fibrillah or sinus rhythm. All patients had moderate or
severe mitral regurgitation (MR) at initial echadiagram. In patients in sinus rhythm at follow-

up, only 24% still had moderate or severe MR.



34

Patients in whom sinus rhythm was maintained aftdation experienced a significant
decline in LA size (LA volume index: 27.4 to 23.m%m?, p = 0.02). There was a small,
but significant, increase in the degree of MR ie fhatients with recurrence (MR/LA
ratio: 0.09 to 0.11, p = 0.01). In those patienitheut recurrence, the degree of MR did
not change (MR/LA ratio: 0.09 to 0.10, p = 0.62p Natient in the reference cohort

developed moderate or worse MR during the followpapod.

Results 3

Isoproterenol infusion at a dose of 11.05 * 4u@@min led to induction of sustained AF
in 26 patients (93%) that were further studied.

PAF was triggered by APDs from the PVs in 24 pasemd from the SVC/RA junction
in two. PV triggers were found to originate frone thSPV in 11 (42.3 %), from the LIPV
in 2 (7.7 %), from the right PVs in 4 (15.4%). I(26.9%) the trigger was localized to
the carina region between LSPV and LIPV.

The arrhythmogenic structures had the highest DE2ipatients (84.6%) This includes
the two patients with RA trigger in whom the highB4 was found in the RA In the
remaining patients a slightly higher DF was recdrétem non-arrhythmogenic PVs. In
the recording there was a significant differencehiea DF among the arrhythmogenic
structures, the PVs, the LAPW, the CS and the &B87(+ 1.5 Hz vs. 6.65 + 1.36 Hz vs.
6.06 + 0.7 Hz vs. 6.01 £ 0.68 Hz vs. 5.93 + 0.78 kespectively, p < 0.0001J.he
pairwise analysis showed a significantly higher DFthe arrhythmogenic structures
compared to the PVs (mean difference 1.42 + 0.27 fHzx 0.0001), LAPW (mean
difference 2.02 = 0.32 Hz, p < 0.0001), CS (medfeince 2.07 + 0.32 Hz, p < 0.0001),
and RA (mean difference 2.15 £ 0.35 Hz, p < 0.0001)

Among the 24 patients with PV triggers spontaneusiination occurred in 5 (21%)
patients. Acute termination during ablation wasesbed in 14 (74%) of the remaining 19
patients. Nine of the 14 patients (64%) had AF teation upon isolating the
arrhythmogenic PV antrum.(Fig.11) The arrhythmiatoued despite arrhythmogenic
PV isolation in 10 of 19 patients (53%). Contralatd®’VV antrum isolation as a second

step resulted in AF termination in 5 patients (268@)other 5 patients were cardioverted
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after all PVs were isolated. One of them neededtiaddl lesions for complete PV

isolation.

Figure 11 Dominant frequency distribution during AF in ooéthe patients from the study
group in whom the LSPV was found to be the trigggstructure as denoted by the asterisk. The
arrhythmia terminated upon isolating the left P\tram. Both atria are presented schematically
as if viewed from posterior. The frequency spectalomg with its respective time domain signal
is presented for each structure. Numbers reprekeninant frequency (DF) and regularity index

(RI) for each of the spectra.

Discussion

1. In our study of patients with persistent AF, waurid that 1) there is little

correlation between the location of CFAE recordedrirdy AF and fractionated
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electrograms recorded during sinus rhythm 2) fometied electrograms recorded during
sinus rhythm are mainly caused by wavefront calisn the LA and 3) the presence and
distribution of sinus rhythm fractionation in patie with a history of AF is the same as
in control patients without a history of AF. Finglive also found that a signal processing
measure, the FFT ratio, closely approximated a m@lamoeasure of sinus rhythm

fractionation. Together, these findings imply tHedctionated electrograms recorded
during sinus rhythm, whether measured in the tim&eguency domain, are a normal
finding in the human LA due to wavefront collisicand are not evidence of underlying
tissue characteristics that serve to maintain AF.

It was first noted that patients with persistent @€l more high frequency regions
outside the pulmonary veins than patients with ygmal AF (9, 36), implying that
presence of non-PV AF “drivers” in the left atriabdy. These data seemed to be
corroborated by Nademanee and colleagues(12), wharibed termination of persistent
AF by targeting high frequency CFAE sites outside PVs. The mechanism of these
CFAEs remains controversial, but may include aitieentry turn-around points, regions
of wavefront collision, wavebreak and tissue amggoy ( 15, 20, 37, 38). Enthusiasm for
the CFAE approach has waned after some investgjatere unable to reproduce the
initially reported success rates with the CFAE tbraapproach (2, 39) However, others
have found an improved success rate when CFAEiablat added to PVI (40) or PVI
plus left atrial linear ablation (41).

Rather than identifying abnormal electrograms duif, Pachon and colleagues
(22) identified abnormal electrograms during singgthm, so called “AF Nests.” The
AF nest approach used a frequency domain measutidetuify signals with high
frequency content, and found that targeting theggons during sinus rhythm led to an
improvement in AF control. It would seem reasorabl hypothesize that there might be
a relationship between fractionated electrogramssimus rhythm (AF nests) and
fractionated electrograms recorded during AF (CEAZ8gions that contain fractionated
electrograms in sinus rhythm, if activated rapidhd irregularly during AF, might create
signals with a high degree of fractionation durifg. This would create a unifying
explanation for the improvement in AF control bygiting either AF nests or CFAE, and

would provide a target for left atrial substratedification without requiring the presence
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of AF.

However, we found little relationship between CFald AF nests. Furthermore,
AF nests were primarily due to wavefront collisiavith septal predominance likely due
to multiple sites of right-to-left atrial breaktlhugh. Changing the LA activation pattern
with CS pacing altered the location of wavefrontlismn with a parallel shift in the
location of AF nests, suggesting that collision whe primary mechanism of SR
fractionation. Finally, the presence of a nearlgniical distribution of SRF in normal
controls with no history of AF suggests that SRRaisiormal finding and does not
represent a unique pathology supporting AF. Thdaggtion of why AF nest ablation
was effective in reducing AF recurrences is unc¢lbat may be due to autonomic effects
or atrial debulking. It is also possible the freqoye measure used by Pachon measured
some unique property that we were unable to meabkomeever, our frequency domain
measure correlated highly with the time domain measf fractionation and also
showed no relationship to the presence of CFAE.

Several prior studies support our findings thatFS&es not represent an
abnormal atrial substrate. Roberts-Thompson et 2pl(4bserved fractionated
electrograms in the right atrium in a patient pagioh without history of structural heart
disease or AF. Similarly, Centurion et al(43) , dastrated 11-30% fractionated EGMs
in the right atrium in a healthy population with@uhistory of AF.

The voltage analysis serves to further suppomuo hypothesis. We could not
demonstrate any significant difference in mean aVetA voltage, or segmental
distribution of low voltage areas between the Ald &ealthy population. This suggests
that there was no evidence of left atrial scarnngthese patients, and that SRF is
therefore a normal finding in healthy control patge SRF signals were associated with
lower voltage amplitudes than non-SRF signals imtrods. This may be a consequence
of the anisotropic conduction and wavefront catiisiat these sites, which leads to a

cancellation and a reduction of amplitude in theggons in the absence of scar.

2. First , the results of our retrospective cohtutlg demonstrated , that frequency
of mild to moderate or more severe MR is more comrivo the unique population

undergoing AF ablation comparing to historical colst (44). Second ,after a successful
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AF ablation procedure, the LA size and dimensiomiral annular diameters and
consequently, the degree of functional MR decreasegdificantly in a subset of AF
patients presented with mild to moderate or moverseMR at baseline in contrast with
patients with failed procedure.

We refer to this as atrial functional MR, and atadi characteristics associated with this
MR were older age, hypertension, and most powsgrfpkrsistent rather than paroxysmal
AF. By echocardiography, MR was associated witlhdased LA size and mitral annular
dilation. After multivariate regression, we fourttht only age, persistent AF, and mitral
annular dilation were linked to MR. This suggeststt LA size, notably not
independently correlated with MR, may mediate mtgpact via its effect on the mitral
annulus.

By studying follow-up echocardiograms after AF &ibla, we were able to evaluate
possible pathophysiological mechanisms underlyitmiglafunctional MR. Patients with
successful ablations experienced significant redostin LA size and mitral annular
dimension, and less than a third still had sigaifictMR at follow-up. In contrast, among
patients who had recurrence of AF, there was naifgignt change in annular dimension
despite near-significant reductions in LA size. ©88% of the patients with recurrence
still had significant MR at follow-up. These findjs, combined with those from our
regression model, which showed that mitral anndiarension was the only independent
echocardiographic predictor of MR, strongly suggésat atrial functional MR is
mediated through a process of annular dilataticase upon this observation, it can be
assumed that beyond the regression of dilated ca@mbthe potential recovery of the
mechanical function can be beneficial on the aatinggion of mitral leaflets, as Marsan
and Tsao et al. demonstrated using four dimensicoraputed tomographic or real time
three dimensional echocardiography (26,28). Theigeemechanism by which atrial
dysfunction leads to MR merits further explorati@ur findings suggest a crucial role of
the mitral annulus, but well-timed atrial contractiis important for appropriate mitral
valve closing (45), and the strength and timingatifal contraction may contribute to
normal mitral valve function as well (46).

The prognostic importance of atrial functional MiRthe setting of AF is unclear, but

potentially significant if one considers paralleissimilar disease entitief A dilatation
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itself is an important sign of atrial remodeling,r@ust predictor of cardiovascular
outcome, and portends worse survival in patienth wrganic MR (47). Significant
ventricular functional MR predicts poorer survivampared with patients with heart
failure and normal mitral valve function(48). Wonggg severity of organic MR
increases mortality risk as well, even in asymptier@zatients (49). However, this may
vary depending on the etiology , and long-term isidf the clinical importance of atrial
functional MR are warranted.

The most important finding of our study may be tladtial functional MR could
potentially be treated without cardiac surgery. KB@% of patients in the MR cohort had
no more than mild residual MR at follow-up with sassful restoration of sinus rhythm.
Improvement in MR, even without surgery, is not tegedented in functional MR and
medical therapy for heart failure can improve MR/esgy and functional class The
guestion then is whether all patients with sigmifit atrial functional MR would benefit
from a rhythm control approach to treatment of AlB€ing unanswered but patients who
develop atrial functional MR may represent a subpgrthat derives significant clinical
benefit from restoration of sinus rhythm. This digs would best be answered in a

prospective study.

3. This study demonstrates that in most patients ®Alfr the arrhythmogenic structures
show the highest DF peak during spectral analydmeover, termination of PAF by
ablation occurs most frequently during isolationaofhythmogenic PVs. Due to wave
breakdown and emergence of complex block patteritipiey well-demarcated DF
domains are formed in the atria - a hallmark ofilétory conduction These domains are
spatially distributed in a hierarchical order witte highest DF located in the LA and the
lowest in the RA.

Studies using frequency mapping during AF in batimal models and humans also
support the role of PVs in AF maintenance showimgttiighest DF to be recorded at the
PVs (50).

The presence of a DF gradient from the LA to RA hasen shown by Lazar et al. in
patients with PAF but not in those with persist&rt(9). This gradient is abolished with
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PV isolation and has been found to recover in p&iandergoing repeat procedures due

to arrhythmia recurrence (10).

Conclusion

1 There is little overlap between regions of CFAEoréed during AF and regions of SR
fractionation. During sinus rhythm, fractionate@atograms typically occur in regions
of wavefront collision. There is no significantféifence in the frequency and distribution
of fractionated electrograms recorded during sifyshm in patients with and without

AF. These findings suggest SRF is not a surrogat€FAE during AF ablation and SRF

itself may not be a suitable ablation target.

2 Patients with AF and significant MR with AF corltrafter RFA had significant
reduction in LA dimensions, mitral annular size afiR. These observations suggest a
potential relationship between atrial fibrillatiand functional mitral regurgitation due to
atrial enlargement and annular dilation, and tlitketemental effects can be reversed with

control of AF after RFA

3 Frequency analysis is a feasible technique whicim caliably identify the
arrhythmogenic structures which should be the nemigets of ablation therapy. in PAF

patients
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Osszefoglalas

Bevezetés

A pitvarfibrillacié a leggyakoribb szupraventril@ls ritmuszavar. A tid és egyes
mellkasi vénak szerepe mind a ritmuszavar elindiddaea mind pedig fenntartasaban
bizonyitott. Ennek megfeléén a pulmondlis véna izolacié valt a paroxysmalis
pitvarfibrillacié  legsikeresebb kezelési straté@id, azonban a perzisztens
pitvarfibrillacd intervencios kezelésében ez toblmynem elégséges hanem egyéb
kiegészid, elsssorban a bal pitvari szubsztrat modifikaciojat gath modszerek lehetnek
szikségesek. Ennek keretében mind a pitvarfibidlaalatt regisztralt komplex
frakcionalt elektrogrammok altal jellemzett mind dpe a sinus ritmusban felvett
fragmentalt szignalt eredményepitvari régiok lehetnek az ablacios kezelés céjpan

A két tipusu fragmentacio k6zott azonban az GsggEfsinem ismert.

A legelterjedtebb mobdszer a pitvari elektromos \édié jellemzésére a pitvari
ciklushossz mérése a megszokott time domain mdawdzerzonban a fent emlitett
frakcionacido ezt nagymértékben neheziti. Emiatt ébgymddszerek valnak egyre
elterjedtebbé melyek a pitvari elektrogrammok syagdist jellemzésére épitenek és ezaltal
pontosabb analizist tesznek lehw® ezen fragmentalt elektrogrammok térbel
kulonbozségének viszgalatara.

A pitvarfibrillacié egyedi elektromos megjelenéséim szintén fontossaggal bir a
ritmuszavar bal pitvari remodellinget okoz6 hatdszen atalakulas potencialis hatadsa a
mitralis billentyifunkciéra és esetleges etioldgiai szerepe a funiéi® mitralis

regurgitacio létrehozasaban kevéssé ismert.

Célkitiizések

1. A pitvarfibrillacio alatt észlelt komplex fragmtalt elektrogrammokat mutaté és a
sinus ritmusban hasonlé szignaltulajdonsagokkalerjetett bal pitvari teriletek
eloszlasanak illetve feltételezett kapcsolatanaksgalata, valamint a sinus ritmus
fragmentacié mechanizmusanak tisztdzasa.

2. Azon feltevés igazoldsa hogy pitvarfibrillacidb és szignifikAns mértékmitralis

billentytielégtelenségban szenvedbetegekben a sikeres radiéfrekvencias ablaciot
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kovetben reverz bal pitvari remodelling és ezzel 6sszagd8ben javulé mitralis
billentyiifunkcié észlelhéi.

3. A bal pitvar valamint a pulmonalis véna elektaogmok spectralis analizise, ezen
belil a dominans frekvenciak térbeli eloszlasdnastlamint az ezen modszerrel

aritmogénnek bizonyult tigdénak radiofrekvencias ablaciora adott valaszamedgélata.

Modszerek

1.. Bal pitvari elektroanatomiai térkép készilt 2@rzisztensen  pitvarfibrillalo
betegben(62+9 év, 13 férfi) valamint kontroll pofmibként 9, struktaralis
szivbetegségben nem de egyéb aritmia miatt vizdg#tkgben(3616 év, 4 ferfi). A
pitvarfibrillacié alatt CFAE elektrogrammok altaliemzett és ugyanabban a betegben
sinus ritmusban fragmentalt terliletek kozotti ksagbat kerllt vizsgalatra valamint utébbi
terliletek kapcsolata kerilt elemzésre 6sszehagardiz aktivacios térképeken észlelt

propagacios mintakkal valamint a kontroll popul&eilo

2. Retrospektiv analizis soran 828 pitvarfibriltaaiblacion atesett beteg adatai keriltek
elemzésre melynek sordn 53 olyan beteg kerilt z&glasra , akiben legaldbb kdzepes
fokd mitrdlis regurgitacio volt felfedezthiet Ennek megfelélen ugyancsak 53 beteg

kerilt kontroll csoportként kivalasztasra abbolandrtbol ahol a mitralis elégtelenség
foka kozepesnél kisebbnek bizonyult. Ezen csopbenla perioperativ és az utankdvetés
klinikai és echocardiographias adatai kerlltek élagonlitdsra az ablacios siker

flggvenyeben.

3. Pitvarfibrillacié indukcié tortént isoproterenaddagolasaval 26 paroxysmalisan
pitvarfibrillalo betegben ( 15férfi, 55 +8.4 év)diafrekvencias ablacio soran. Ezek utan a
tartdés pitvarfibrillaciés epizdd alatt multipolaridiagnosztikus katéter segitségével
intracardialis jelrogzités tortént a bal pitvartampulmondlis vénak, a hatso fal, a sinus
coronarius és a jobb pitvar meghatarozott teriii@dteMinden emlitett terileél Fast —
Fourier transzforméacié segitségével a dominansvémtia kertlt meghatérozasra, és
ennek eloszlasa valamint az ez alapjan aritmogémarestt pulmonalis véna izolacio

kapcsan bekovetkezett valtozasok kertltek vizsgalat
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Eredmények

1. SRF (338+150 térképpont) és a CFAE (418+1356fgpkint) 29+14 és 25+15 %-at
foglaltak el a teljes bal pitvari felszinnek kil&ilon A térképeken szignifikans
Osszefliggés a SRF és CFAE régidk elhelyezkedéséden volt kimutathato(r=0.2,
P=NS). A pitvarfibrillal6 és kontroll betegek kotrithsszehasonlitasban azonban a SRF-t
mutato terlletek eloszlasa megegyezett(p=0.74)RE-Bmutaté terliletek az esetek 75

%-ban a hullamfront —talalkozasi régidkban helyeltik el az aktivacids térképeken.

2. A szignifikhns mértédk mitralis regurgitaciot mutaté betegekésgbbek voltak és
gyakrabban szenvedtek a ritmuszavar perzisztensajaban (62% vs. 23%, p <0.0001).
Ugyancsak ezen betegek esetében nagyobb bal pilvaenziok és mitralis annuléris
méretek voltak detektalhaték (volume index: 32 amBNs. 26 cm3/m2, p =0.008 és
3.49 cm vs. 3.23 cm, p = 0.001), de bal kamrai diziek nem kulonbdztek a kontroll
csoporttél. A mitralis annulus mérete, az életkalamint a pitvarfibrillaciéo perzisztens
volta bizonyult a szignifikans mértékmitralis regurgitacio fuggetlen prediktoranak. Az
utdnkovetés echokardiographias adatai alapjanus sitmus tartds fennmaradasa esetén
nagyobb meérték bal pitvari és mitralis annularis méretcstkkenés,a szignifikans
mértéki mitralis regurgitacié aranyanak csokkenése (24% 82, p= 0.005) volt
igazolhaté azon betegekhez képest ahol a sinusigitartdsan nem maradt fenn azaz a

beavatkozas hosszabb tavon sikertelennek bizonyult.

3. A paroxysmalis pitvarfibrillacidos epizodok 24tbgben a tudiénédkbol két betegben
pedig a jobb pitvarbdl eredtek. Szignifikans méiitélekvenciagradiens volt kimutathato
a dominans frekvenciak vonatkozasdban az aritmosfénktirak febl az egyéb
pulmonalis vénak, sinus coronarius, hatsoé fal Bb joitvar felé (p < 0.0001). A betegek
64 %-aban a pitvarfibrillacié a DF analizis alapgaitmogénnek tartott pulmonalis véna

izolacioja kapcsan #nt meg.



52

Kovetkeztetések

Lényeges 6sszefliggés nem mutathaté ki a CFAE-tSRFat mutatd bal pitvari regiok
vonatkozasaban fliggetlenil attél hogy time- vagsk¥encia domain moédszerekkel
kerult-e a fragmentaci6 foka meghatarozasra. A Slefinkdbb az aktivacios
hullamfront-talalkozassal all dszefliggésben és aigivk eloszlasa lényegesen nem
kilonbozott az egészseges kontroll csoportban lesddtd. Ezen megfigyelések alapjan
megallapithatdé hogy a perzisztens pitvarfibrillani@chanizmusaban a sinus ritmusban
eszlelhed fragmentalt régiok nem jatszanak lényegi szer&setblacios célpontként
kevéssé jonnek széba.

A szignifikdns funkcionalis mitrélis regurgitacidbazenved pitvarfibrillaldo betegekben

a sikeres ablaciot kouen a bal pitvari és mitralis annularis méretekamaht a mitralis
regurgitacio foka csokkent. Ez a megfigyelés fgthia figyelmet a pitvarfibrillacio
okozta bal pitvari remodelling mitralis apparatusgggakorolt karos hatasara, mely
azonban visszafordithato a sikeres beavatkozastikéartos sinus ritmus mellett.

A paroxysmalisan pitvarfibrillalé betegekben a ¢gegeb struktira mutatta a leggyorsabb
aktivitdst spektralis analizis soran, ennek metfele itt volt a legmagasabb DF

regisztralhato.



