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The AF Timeline

‘Upstream’ therapy of concomitant conditions

Antiarrhythmic ¢

Cardioversion

Slrrn

silent * paroxysmal persistent long-standing  permanent
persistent

Camm et al. EHJ 2010;31:2369-2429



Structural abnormalities associated with

A Extracellular matrix alterations
I Interstitial and replacement fibrosis
I Inflammatory changes
I Amyloiddeposition
A Myocytealterations
I Apoptosis
I Necrosis
I Hypertrophy
I Dedifferentiation
I Gapjunctionresdistribution
I Intracellular substrate accumulatiohgemochromatosisglycogen)

A Microvasculachanges
A Endocardiatemodelling(endomyocardiafibrosis)

Camm et al. EHJ 2010;31:2369-2429

Kirchhof et al EHJ 2009;30:2969-80



AF and cardiac fibrosis

Structuralremodellinginvolving
prominent fibrotic changes is a
fundamental determinant of AR

It contributes synergistically with
electricalremodellingto the AF
substraté-?

Increased fibrous tissue is seen in AF
patients with identifiable cardiac
disease and in lone Af

The degree of fibrosis and the
persistence of AF are correlated

Even with ventricular rate control,
rapid atrial activation causeatrial
fibrosis

Rapidly activatedatrial-derived
cardiomyocytesecrete substances
that enhance collagen synthesis by
atrial fibroblast$

Yue et al. Cardio Res 2011;89:744-53

Ischaemia

Myocardial injury

Oxidative stress (H,0.)
Stimuli Mechanical stretch

Hypertension

Hormones/cytokines

Differentiaton Cytodines
(myofibroblast)  (TGFB, IL-6, etc)

1. Allessie et al. Cardiovasc Res 2002;54:230-246
2. Burstein et al. JACC 2008;51;802-809

3. Kostin et al. Cardiovasc Res 2002;54:361-379
4. Boldt et al. Heart 2004;90:400-405

5. Xu et al. Circ 2004;109:363-368

6. Frustaci et al Circ 1997;96:1180-1184

7. Avitall et al. Heart Rhythm 2008;5:839-845

8. Burstein et al. Cardiovasc Res 2007;76:442-452



Catheter ablation for rhythm control
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What do the studies tell us?

Table 18 Randomized clinical trials of catheter ablation vs. antiarrhythmic drugs or no treatment in AF

Reference | Patients Type

(n) of AF use ol mdn-que
Kr ’tzyaphong Online 55% Paroxys rn_i PVi+[Alines | Notstated | Notstated
et al. 2003 ( ) persistent + CTl ablation

+ RA lines
Wazni et al Vi 49%°
LOO.:
Seabile et ol Online Paroxysmal, es
% for AF;

2005 (CACAF)® persistent .
Paroxysmal >2 C”’VA :
) (mean2 £ [) |+ CTl ablatio j
S EL Paroxysmal > LAlines | Mean 182
ablation | 0.8, median 2
per pa

2
i}
i
&

o T To I

(ablation)

6516

2l
{ablation) (mean 1. ,h + CFAES
56.1 + CT1 ablation
(AAD) + RA lines

Packer et al. i 56.7 Paroxysmal

2010 {ablation) + LA lines days after |st

(STOP-AF) 564 procedure
(AAD)

A Patients who remain
symptomatic despite optimal
medical therapy, including rat
and rhythm control

Stage of disease (AF type, LA S|
AF history)

Presence and severity of
underlying cardiovascular diseas

Potential treatment alternatives
(AADs rate control)

Patient preference

Camm et al. EHJ 2010;31:2369-2429



Outcomes of long-standing persistent atrial fibrillation
ablation: A systematic review

Table 1 Single, multiple, and AAD-assisted clinical success and complication rates for persistent/long-standing persistent AF

Success o
Complication
Author | Technique Single Multiple AAD rate (%)

Kanagaratnam 71 PVI 0.21 — 0.62 5.6
Lim 51 PVI 0.22 0.37 (1.7) 0.45 3.9
Yamada 14 PVI 0.21 0.43 (1.5) s =

Pappone 72 PVA 0.56 = 0.68 I

Cheema £ PVAI 0.37 0.54 (1.2) — 9.8
Elayi®™ 48 PVAL 0.40 0.56 (1.3) 0.85 0.0
Oral®™ 50 PVAI 0.38 0.68 (1.4) — =

Oral®™ 40 PVA + LIN 0.48 — — 0.0
Vasamreddy 27 PVA + LIN 0.52 — 0.70 L

Oral 77 PVA + LIN 0.74 — — 0.0
Elayi®c™? 47 PVA + LIN 0.11 0.17 (1.3) 0.28 0.0
Earley 42 PVA/PVAI + LIN 0.36 0.74 (1.6) s 11.9
Seow 56 PVAIL + LIN 0.48 0.54 (1.5) 0.86 71
Miyazaki 25 PVAI + LIN 0.40 == 0.60* 0.0
Fiala 100 PVAL + LIN 0.38 0.66 (1.5) 0.87 —

Sanders 27 BOX 0.44 0.63 (1.4) — 1.4
Chen 10 BOX 0.50 0.60 (1.5) — o

Kumagai 24 BOX 0.42 0.46 (1.1) 0.88 b

Nademanee 64 CFAE 0.63 0.77 (1.2) — x

Oral®™ 40 CFAE 0.33 — — 0.0
Oral 100 CFAE 0.33 0.57 (1.5) — 3.0
Oral®™ 33 CFAEL 0.24 0.52 (1.4) = 3.0
Oral®™ 33 CFAE} 0.30 0.58 (1.2) — 0.0
Schmitt 30 PVI + CFAE 0.50 — — L

Estner 35 PVI + CFAE 0.51 0.74 — 0.0
L 92 PVAI + CFAE 0.58 — — 5.4
Porter 25 PVAI + LIN + CFAE 0.68 — — 4.0
Elayi®c™? 49 PVAI + CFAE 0.61 0.80 (1.2) 0.94 6.1
Oral® 50 PVAI + CFAE 0.36 0.60 (1.4) 0.0
Haissaguerre 60 STEPWISE 0.62 0.88 (1.5) — 5.0
Sacher 43 STEPWISE =: 0.70 (1.4) 0.84 =

Takahashi 40 STEPWISE 0.55 0.83 (1.4) 0.90 25
Rostock 88 STEPWISE 0.38 0.81 (1.8) — 3.2
O'Neill 153 STEPWISE 0.48 0.74 (1.5) 0.89 3.9

Stiles et al. HR 2010;7:835-46
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TREATMENT OF SUPRAVENTRICULAR TACHYCARDIA DUE TO ATRIOVENTRICY
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Elimination of Atrioventricular Nodal Reentrant

Tachyc

rdia Using Discrete Slow Potentials to

Guide Application of Radiofrequency Energy
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Pre-Existent Left Atrial Scarring in Patients

Undergoing Pulmonary Vein Antrum Isolation

An Indepe.ndent Predictor of Procedural Failure

Table 1. Characteristics of Patients With and Without Left

A 700 patients undergoing PVAI Acial Scarting

LA Scar No LA Scar
(n = 42) (n = 658) p Value
Age (yrs) 59+ 13 53 + 13 0.09
. . ) cxysmal 11 (26%) 263 (40%) 0.07
A LA Scarrl ng defl ned aS . AF duration (yrs) 7.0 =49 6.1+54 0.39
i _ _ _ Structural heart disease (n) 20 (48%) 289 (44%) 0.72
I Absence of signal in multiple LA LA size (cm) 49+07  40x08 003
. Ejection fraction (%) 49 + 8% 54 + 7% 0.03*
locations on lasso Coreactive protein (mgfl) ~ 5.93+775 031068  001°

Brain natriuretic peptide 191 =92 110 = 80 0.06

I CARTcalefined parameters (pg/ml)

o oA A . , Wl Procedure time (min) 168 = 47 162 = 40 027

A {OINITII6aSyO0S 2F @2t (I 3 FUETHEH 47 %25 45+ 28 0.48
, z “ ~ AF recurrence (n) 24 (57%) 128 (19%) 0.003*
A[26 G2€GFIAST XKndp Y+ e S L B B

A 42/700 patients had LAS,
representing 2t 11% of the LA
surface area

Incidence AF Recurrence

Fallow-up Time (days)

Verma et al. JACC 2005;45:285-292



Pre-Existent Left Atrial Scarring in Patients

Undergoing Pulmonary Vein Antrum Isolation

An Independent Predictor of Procedural Failure

w A Late recurrence higher in patients
with LAS (57%v19%)

A AFfree after 2 procedures:
I 18% of LAS patients
I 49% of noALAS patients
oy A &/ dzZNBé¢ NI 0 S
I 52% of LAS patients
I 90% of noALAS patients

- SmvV
Bipolar -
Table 2. Univariate Predictors of Late Atrial Fibrillation

> 1-Map > IQﬁ'PolntS Recurrence

Hazard Ratio & 85% C1 P Value
Recurrence  No Recurrence -

(n= 1 2) (n = 548) /alue Scar 0.01

Scar (n) 24 (16%) 18 (3%) .002° Age 0.21
Age (yrs) 61+ 14 52+11 01* i
Nonparoxysmal AF (n) 114 (75%) 312 (57%) .047 Non-paroxysmal AF 018
Male gender (n) 111 (73%) 434 (79%) .2 EF 0.38
AF duration (yrs) 6.5 + 6.1 63 +54 e
Antiarthythmic drugs failed 2.1 + 1.4 22+10 .75 LA size 0.95
(n)
Structural heart disease (n) 78 (519%) 231 (42%) ! Structural HO e
44+07 41+08 ; AF duration
53 + 8% 52 + 8%
0.99 + 321 0.68 + 2.84
125 + 140 112 + 152

00 05 10

Verma et al. JACC 2005;45:285-292
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A MR imaging of the LAtechnical challenges
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A Conclusion



The rationale behind LA CMR imag!

A Correlation between ventricular LGE and
histology during and following infarction

A Not applied to the atria

ALow signal to noise
AThin walled structure
A Definition of normal is difficult

A LA DEMRI possible in past few years

A Novel imaging sequences

Aal @ 0SS Llaaioatd 02 al
substrate
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Imaging of RF lesions
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Dickfeld et al. JACC 2006;47:370-378



LA delayed enhancement

A Planning scans
A Anatomical scan for LA and PV segmentation

A 3D inversion recovery delayed enhancement
seguence 225 minutes after gadolinium

A Usual contraindications



Imaging sequences

A 45 minutes
A 80-90% satisfactory image quality

A Predictors of poor image quality:
i AF (particularly with high rate)
I Inconsistent respiratory navigator signal



Image processing

A Controversial area
A Interpretation of 2D images is difficult
A Most publications use 3D reconstructions

A Requires:
I LA/PV segmentation
I Delayed enhancement segmentation

I Thresholding
A Many potential sources of error



LA segmentatioq 3D MRA




LA segmentatiogq 3D MRA




Image processingsegmentation

WS -
Whole : *’f 4 Delayed-
heart scan P ) r ' "i‘»\ enhancement
) | ©  scan
-
Automatic LA | MELE

segmentation [EL registration

Semi-automatic
segmentation




Representing 2D scans in 3D

A Accurate segmentation:

I Allows registration of tissue informatioed. DE signal intensity) to
correct part ofatrial body

I Atrial body must be correctly identified and separated from
surrounding structures




Representing 2D scans in 3D

A Accurate segmentation:

I Allows registration of tissue informatioed DE signal intensity) to
correct part ofatrial body

I Atrial body must be correctly identified and separated from
surrounding structures
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Image processingthresholding

Al 26 O2YUNI Al NIYOGAZ2Z 0S06¢
atrial myocardium

A Susceptibility to motion artefacts

ACKNBaK2f R 0SU6SSY Wy2z2N)¥I
arbitrary

A Marroucheet al.:

I Pixel intensity histogram of manual LA contour
I Cutoff 2 to 4 SD above lower peak



Image processingthresholding

Contrast Enhanced MRI Input - Myocardial Contours Region of Interast - Left Atrial Wall

QOutput - Detected Enhancement Three Standard Deviation Threshold Histogram of Pixel Intensity
overlaid on DE-MRI Detected Ehancement
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Detection and Quantification of Left Atrial Structural
Remodeling With Delayed-Enhancement Magnetic
Resonance Imaging in Patients With Atrial Fibrillation

A 81 patients undergoing PVAI for

Table 1. Patient Population Characteristics

treatment of AF . oem  omme
T o ——— G P—
A Manual LA DE segmentation s
. Left ventricle ejection fraction, % 523408  533+103  524+88 46490 023
A C u Sto m Software to q u an‘“fy :ﬂ:nm (:;mm preprocadure, cm® 943+413 837+204  085+483  1421+369 <0001
spatial extent of DE o wmo swa  wwn 0 o
Malo 52 (64. 30 (6. 18 4
A EI . I Hypertansion, n (%) 2 ((:.3 2 g: 13 m 4&3 0.49
ectroanatomice/o tag € Mmaps Disbotas maltus, 1 (%) 0023 4@3 4033 20500 036
Coronary N 9(11.1 5 (1. 3104 1(12. 1.00
A AF recurrence at 6 months ey ot ke, 100 R R
d Valve surgery, n (%) 3@7 163 2(25.0) 0.01
assesse Myocardial infarct, n (%) 225 2047 0.60
" nm-yn:: n::mltwm Sk 2212) 9209 11 366) 225.0) 015
Amiodarone 15(185) 8(186) 4(133) 3@75) 031
) ) Digaxin 12(14.8) 6(14.0 5(16.7) 1(125) 0.90
A A noninvasive means of p s oo mma  sEn  e0 o
Calcium channel blockers 10(12.3) 5(11.6 3(10.0) 225.0) 052

assessing LA myocardial tissug e o sttme nacsor, n oo veos  wme e sus  om
AF patients and might provide

insig ht into the progress of the Scan quality i 37 patients eliminated because of scan issues
disease.

Oakes et al. Circ 2009;119:1758-1767



Moderate structuraremodelling

A 2D MRI Slice B MRI-MIP C MRI-Color D Electroanatomic Map

Oakes et al. Circ 2009;119:1758-1767



Extensive structurakemodelling

A 2DMRISlice  |B MRI-MIP C MRI - Color D Electroanatomic Map

Oakes et al. Circ 2009;119:1758-1767



Detection and Quantification of Left Atrial Structural
Remodeling With Delayed-Enhancement Magnetic
Resonance Imaging in Patients With Atrial Fibrillation

.-/ ’
./_,/’, R2= 0-61
° p <0.05
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Proportion of Patients in Sinus Rhythm

20 25 30 35 .
Extent of Delayed Enhancement (MRI) e <5

Time =nce Ablation (days)

Table 3. Results of DE-MRI Analysis and Patient Outcome

Mild Moderate Extensive Mid V? goms F;',’i‘;",s',“,e gn,r mncement |
Enhancement Enhancement Enhancement
Total (n=43) (n=30) (n=8)
Extent of structural remodeling, % of LA volume 171+14.2 8.0+43 21.3+58 50.1+154

Location of enhancement (=>50% of surface
enhanced), n (%)

LA posterior wall 51(63.0) 18(41.9) 25(83.3)

LA anterior wall 13(16.0) 3(7.0) 2(6.7) <

ep— wpes) 7069 9GO0 Principle Concern: reproducibility
Type of AF, baseline, n (%)

Paroxysmal 41 (50.6) 28 (65.1) 13 (43.3)

Persistent 40 (49.4) 15(25.6) 17 (56.7) 8 (100)

Time-to-recurrence analysis with Cox regression produced a hazard ratio of 2.4 (95% Cl, 1.39-4.08). P=0.001.

Figure 7. Patients in normal sinus rhythm after LA ablation. Cox
regression curves for patients with mild (blue), moderate (green),
and extensive (red) enhancement are shown. The mean follow-up
was 9.6+3.7 months (range, 6 to 19 months).

Oakes et al. Circ 2009;119:1758-1767



Atrial Fibrosis Helps Select the Appropriate Patient and
Strategy in Catheter Ablation of Atrial Fibrillation: A DE-MRI

Guided Approach
A 144 patients |
A DEMRIpreprocedural > -
fibrosis assessment o

A PVAI & posterior wall & 1. A “' Ag-'.,
septalablation b e ﬁ

Utah stage 3 Utah stage 4

A Differentthresholding
and algorithm use for
post ablation imaging

A Comparable LA scar post
ablation across all stages

Akoum et al. JCE 2011;22:16-22



Atrial Fibrosis Helps Select the Appropriate Patient and
Strategy in Catheter Ablation of Atrial Fibrillation: A DE-MRI
Guided Approach

A Majority of patients had 0
(53/144) or 1 P\antrum
(47/144) circumferentially
encircled

A 4 vein encirclement in
10/144 patients

A Circumferentiabntral
scarring predicts ablation

success in mild LA fibrosis

A Posterior andseptal
scarring is needed for
moderate fibrosis

200
Follow up time from catheter ablation

Utah stage 1 Utah stage 3
Wtah stage 2 Utah stage 4

Recwrrence Predictons Following Allation for 120 Paticats with Pre- and Postahlstion Asscssment of Left Atriad Fibwosts and Scarring

3 Utah Stage 2 Utah Stage 3 Utah Stage 4
.i‘:‘““:"'m (5-20%) (N=T71) (20-35%) (N =23) (>38%) (N = 16)
No Recurrence Hazard Ratio Povulue Hamard Ratio Povalue Hazard Ratio Povaloe
Age Lo 074 (.80 003 09 060
AF type 0.55 o 13 0.76 113 0.90
LA volume 1.01 001 10 086 0.99 0.49
Pulmonary veins encarcled 043 003 533 oo 0.54 043
054 063 o 099 092

Puostcrior wall scartng Lo

Akoum et al. JCE 2011;22:16-22



2.7% B

Association of Left Atrial Fibrosis
Detected by Delayed-Enhancement

Magnetic Resonance Imaging and the Risk
of Stroke in Patients With Atrial Fibrillation

387 patients with AF who underwent

DW MRI of LA
Risk factors and CHADS?2 profile

LA fibrosis quantified as a % of LA area

Patients assigned to 1 of 4 groups based Eass

on quartiles applied to DEIRI LA
G & 0 NHzO (0 dzNJ €
I Stage | <8.5% DE
I Stage Il 8.6% to 16%
I Stage lll 16.1% to 21%

I Stage IV >21.1%

C D

10.2% 19.4%

PA PA
PA

N\S Y 2 é é | Risk score excluding strokes

PA

iF: BB Clinical Characteristics According to Stroke History

Age, yrs

AF type
Paroxysmal
Persistent

Warfarin use

Female

Hypertension
Congestive heart faliure
Age =75 yrs

CHADS,, score
High risk: =2
Moderate nsk: 1
Low risk: 0
LA structural remodeling, %
LA remodeling stage
Stage I: <8.5% (Q1)

Stage II: 8.6%-16% (Q2)
Stage llI: 16.1%-21% (Q3)
Stage IV: >21.1% (Q4)

Time from stroke to DE-MRI
scan, days

Stroke
(n = 36)
64 =12

15 (41.7%)
21 (58.3%)
25 (69.4%)
23 (63.8%)
3(8.3%)
24 (66.7%)
2 (5.5%)
8 (22.2%)
102 = 0.65
3.02 ~ 0.65
36 (100%)

244 =124
24 =11
1(2.8%)
9 (25%)

7 (19.4%)

19 (52.8%)

682 = 265

(n = 351)

No Stroke
p Value

70=7

172 (49%)
179 (51%)
208 (59%)
118 (33.6%)

47 (13.4%)

204 (58%)

36 (10.2%)

65 (18.5%) ,
1*09
1+09

90 (25.6%)

146 (41.6%)
115 (32.8%)
161 =98

32+09
96 (27.3%)
88 (25.1%)
80 (25.3%)
78 (22.3%)

Daccarett et al. JACC 2011;57:831-8



% fibrosis of the left atrial wall

% fibrosis of the left atrial wall

Association of Left Atrial Fibrosis
Detected by Delayed-Enhancement

Magnetic Resonance Imaging and the Risk
of Stroke in Patients With Atrial Fibrillation

80
= . A
25+
40; £ 204
2 15+
204 104
T i.
c i 0 l_l
Stroke (N=36) No Stroke (N=351) Stage | (<8.5%) mlmm uplnu-zm Stage IV (>21%)
=187 n=1906
60 B
[pt.001] 20- p<0.001
L I-S"
o ;
1.04
==
0.5+
204
0.0 T
Stage | (<8.5%) Stage il (8.6-16%) Stage Hl (16.1-21%) Stage IV (>21%)
- DE-MRI LA Structural Remadeling Pre-Ablation
Low (0)n=116 Moderate (1) n=146 High (22) n=126

CHADS2 score
Daccarett et al. JACC 2011;57:831-8



Pre-ablation imaging

A Has been used to assess LA structreaiodeling
pre-ablation

A The extent of LA structura¢modelingcorrelates
with
I AF phenotype (duration, LA size, LA voltage)
I CHADSZ2 score
I Stroke risk
I Outcome of ablation

A The findings are difficult to reproduce



Outline

A Atrial fibrillation andatrial fibrosis
A MR imaging of the LAtechnical challenges
A MR imaging pre ablatioqclinical relevance

A MR imaging post ablationclinical relevance
I Early imaging (<24h)
i Late imaging (>30 days)

A Conclusion
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Postablation imaging; initial experience

23 patients undergoing PVI

2D reconstructions of the Pdétia
No pre-ablation delayed
enhancement

Patients scanned at >30d post RI
Postablation DE seen in all
patients

Only62% of patients
demonstrated >90%
circumferential DE

Patient 1

N
-~
<
kS
N
)
Q.

Patient 3

Peters et al. Radiology 2007; 243:690-695



New Magnetic Resonance Imaging-Based
Method for Defining the Extent of Left Atrial

Wall Injury After the Ablation of Atrial Fibrillation

Extent of LA injury measured
using a thresholdased lesion
detection algorithm

Manual contouring oépiand
endocardium

Normal and injured tissue
defined based on a bimodal
distribution of pixel intensities in
the LA wall

Injured tissue defined asSDs
above the normal tissue mean
pixel intensity

Scans before and 3 months post
ablation

McGann et al. JACC 2008;52:1263-71



New Magnetic Resonance Imaging-Based
Method for Defining the Extent of Left Atrial

Wall Injury After the Ablation of Atrial Fibrillation

A RF injury can be evaluated ——
with DE MR ;»‘:“@:"'?"
A It may be possible to predict A |

procedural outcome from -
extent of LA wall injury yu

Patlents at 3-Month Follow-Up

Responders NOI"OSDOMOI’S
(n = 35) (n=11)  p Value*

Percent LA wall Injury 193 * 6.7 124 +57 0.004
Degree of scar formation

Minimai scar formation 3(8.6%) 8(72.7%) <0.001
{>-13% of volume enhancament)

Moderate scar formation 32(91.4%) 3(27.3%) <0.001
(<-13% of left atrial volume)

LA area (cm?), 3qmonth follow-up 18.0 = 5.0 244+ 46 <0.001

LA volume (cm3), 3-month follow-up 74.1 264 1103 * 168 <0.001

Minimal Scar Formation Moderate Scar Formation

B Successful Procedure O Recurrence of Atrial Fibrillation

McGann et al. JACC 2008;52:1263-71



3-D Visualization of Acute RF Ablation Lesions
Using MRI for the Simultaneous Determination of
the Patterns of Necrosis and Edema

A Feasibility study of 14 AF -
patients, 3 in XMR lab )

1 4
1/
If

T26 SA3K3G SR oedeg3IAyIY O
59 AYF3IAYy3AY aySONEam'
Coregistration with - ;

Intraproceduralanatomy and
lesion set

A Simultaneouwisualisatiorof
both patterns of cardiac injury

To o o

Knowles et al. IEEE 2010;57:1467-75



3-D Visualization of Acute RF Ablation Lesions

Using MRI for the Simultaneous Determination of
the Patterns of Necrosis and Edema

Delayed 71.9421.4% 60.8:29.8%
enhancement

DE and T2 87.6:16% 90.5t14%
(p=0.05) (p=0.006)

Knowles et al. IEEE 2010:57:1467-75



T2weighted LA CMR

Acute scan Late scan

Patient 1
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-
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=
T
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Delayed enhancement LA CMR



