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Left Atrial Image Registration to Guide Catheter
Ablation of Atrial Fibrillation: In the
Eye of the Technology

Osmar Antonio Centurién, MD, PhD, FACC

Division of Electrophysiology and Arrhythmia. Cardiovascular Institute. Sanatorio Migone-Battilana.Asuncion,
Paraguay,Departamento de Cardiologia, Primera Catedra de Clinica Medica. Hospital de Clinicas. Universidad

Nacional de Asuncién.

Introduction

PAtrial fibrillation is a common arrhythmia, and
its incidence rise sharply with age and with heart
failure.Since the beginning of the new millenni-
um, the debate on ectopic foci versus reentry as
the mechanism underlying atrial fibrillation (AF)
in humans has continuously evolved. The finding
of ectopic beats proceeding from the pulmonary
veins in the initiation of atrial fibrillation gave a
different approach to the therapeutic management
of this arrhythmia.'* Recently, the mechanism of
AF is considered to be a spiral wave with a contin-
uously changing pattern of the activation wave-
front, that is, a random multiple reentry of inde-
pendent wavelets wandering in the atria around
arcs of refractory tissue>'’ or the accentuation of
focal activity originating mainly from the pulmo-
nary veins, the superior or inferior vena cava, the
ligament of Marshall, or even the right atrium.'""”

The medical treatment of atrial fibrillation with
antiarrhythmic drugs, either to control rate or
rhythm, is not adequate for all patients and is fre-
quently associated with pharmacological adverse
effects.'™ Therefore, the number of therapeutic
procedures for atrial fibrillation with catheter ab-
lation is rapidly increasing. Since the demonstra-

tion of spontaneous initiation of atrial fibrillation
by ectopic beats originating from the pulmonary
veins, transvenous catheter ablation has become
the most exciting and innovative field of interven-
tional electrophysiology.?** However, due to the
complex and variable anatomy of atrial structures
and pulmonary veins, the success rate of atrial fi-
brillation ablation is still not ideal, and the associa-
tion with procedural complications still remains a
problem. The left atrium and the pulmonary veins
can not be seen with fluoroscopy because they do
not present contrast against the surrounding struc-
tures. Even with advance techniques to minimize
fluoroscopy time and radiation exposure, it is of
concern the significant ionizing radiation exposure
during prolonged fluoroscopy required to delin-
eate the complex anatomy of the left atrium and
the pulmonary veins. Besides, there are multiple
variations of pulmonary veins anatomy which
include different sizes, a common right or left os-
tium, and an additional pulmonary vein. Thus,
more accurate imaging modalities and their com-
bination are likely to overcome these difficulties
and improve ablation success and related safety.

The current standard computer navigation tool
used during AF catheter ablations is the electro-
anatomic mapping, which detects the tip of the
catheter in real time.”* The key step in the clini-
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cal use of three dimensional (3D) surfaces is im-
age registration. The surfaces from axial computed
tomography (CT) and nuclear magnetic resonance
(MR) can only be useful during an ablation pro-
cedure if they can be accurately overlaid with the
electroanatomic mapping, so that real-time cath-
eter positions can be shown in precise relation to
the 3D surfaces.®®* Currently available cardiac
mapping systems can record cardiac electrical ac-
tivation information, catheter and lesion location,
and are capable of tracking catheters in real time.
Combining this electrical and navigational infor-
mation with the explicit three dimensional anato-
my of the left atrial chamber and pulmonary veins,
through this process called registration, should
increase the efficacy of atrial fibrillation ablation
procedures.’?* In this issue of the journal, Jasbir
Sra reports detailed data on the basic principles,
the inherent limitations, and the fundamentals
of cardiac image registration.” He addresses the
different 3D anatomical mapping and imaging
systems and their clinical applicability in combi-
nation, as well as, the clinical studies utilizing the
registration imaging technique. The validity of ap-
plying the registration process within the particu-
lar constrains of cardiac imaging is also examined.
Imaging registration is the process of combining
and aligning various images obtained with differ-
ent imaging modalities. Proper imaging and seg-
mentation involves establishing a correspondence
between the spatial information in the image and
the equivalent anatomical structure in the heart.
Several imaging modalities have been used in an
attempt to delineate cardiac structures, namely,
contrast fluoroscopy, 3D electroanatomical non-
contact mapping, 3D axial computed tomography,
and 3D nuclear magnetic resonance. The registra-
tion process determines the geometric transforma-
tion that aligns anatomical features in one view
of an object with the corresponding anatomical
features of the same object in another view. It al-
lows real-time visualization of anatomical struc-
tures and more accurate tracking and location
of the mapping and ablation catheter, this trans-
lates into a significant clinical implication in the
interventional treatment of atrial fibrillation.”"*

Several recent experimental and clinical studies
demonstrated the accuracy of targeted ablations
guided by cardiac image registration.*** It was
shown that registration can be successfully used for
the anatomically correct extraction and reconstruc-

tion of the left atrium and pulmonary veins anat-
omy, allowing tailored radiofrequency ablation to
individual pulmonary vein and left atrium anato-
my during atrial fibrillation ablation procedures.
Whether the improvement of catheter navigation
by the imaging registration techniques can trans-
late into better outcomes of AF ablation and avoid
procedure-related major complications needs to be
determined by larger randomized clinical studies.

The necessity to combine various imaging modali-
ties like fluoroscopy, electroanatomic mapping,
3D CT-MR, and intracardiac echocardiography
guidance, to optimize the results of atrial fibril-
lation ablation implies the technical difficulties
in performing this therapeutic approach. On the
other hand, the necessity to combine different
ablation techniques, namely, circumferential, lin-
ear, and targeted ablation of complex fractionat-
ed electrograms, in order to improve the success
rate demonstrates the complexity of the elec-
trophysiological substrate in atrial fibrillation.

A detailed colorful picture can tell more than words
can say. There is no doubt that a new hope emerges
with a new tool, and left atrial image registration
for catheter ablation of atrial fibrillation certainly
provides us with a newer landscape in the hori-
zon, but here again, it has to stand the test of time.

References

1. Haissaguerre M, Jaise P, Sha DC, Takahashi A, Hocini M,
Quiniou C, Garrigue S, Le Mouroux A, Le Metayer P, Clementy J:
Spontaneous initiation of atrial fibrillation by ectopic beats origi-
nating in the pulmonary veins. N Engl ] Med 1998;339:659-666.
CrossRef PubMed

2. Jais P, Haissaguerre M, Shah DC, Chouairi S, Gencel L, Hocini
M, Clemety J. A focal source of atrial fibrillation treated by dis-
crete radiofrequency ablation. Circulation 1997; 95:572-576.

3. Chen SA, Hsieh MH, Tai CT, Tsai CF, Prakash VS, Yu WC, Hsu
TL, Ding YA, Chang MS. Initiation of atrial fibrillation by ectopic
beats originating from the pulmonary veins: electrophysiologic
characteristics, pharmacologic responses, and effects of radiofre-
quency ablation. Circulation 1999;100:1879-1886.

4. Lu TM, Tai CT, Hsieh MH, Tsai CF, Lin YK, Yu WC, Tsao HM,
Lee SH, Ding YA Chang MS, Chen SA. Electrophysiologic charac-
teristics in initiation of paroxysmal atrial fibrillation from a focal
area. ] Am Coll Cardiol 2001;37:1658-64CrossRef PubMed

5. Davidenko JM, Pertsov AV, Salomonsz R, Baxter W, Jalife J. Sta-
tionary and drifting spiral waves of excitation in isolated cardiac
muscle. Nature 1992;355:349-51.CrossRef PubMed

6.lkeda T, Czer L, Trento A, Hwang C, Ong J, Hough D, Fishbein
M, Mandel W, Karagueuzian H, Chen CP. Induction of wander-

www jafib.com

Sep-Nov, 2008 | Vol 1| Issue 3



Journal of Atrial Fibrillation

Editorial

ing functional reentrant wave front in isolated human atrial tis-
sues. Circulation 1997;96:3013-3020.

7. Moe GK, Rheinboldt WC, Abildskov JA. A computer mod-
el of atrial fibrillation. >Am Heart J 1964;67:200-220.CrossRef
PubMed

8. Allessie MA, Lammers WIEP, Bonke FJM, et al. Experimental
evaluation of Moe’s multiple wavelet hypothesis of atrial fibril-
lation. In: Cardiac Electrophysiology and Arrhythmias. Zipes
DP, Jalife J, eds. Orlando, FL, Grune & Stratton, 1985; 256-276.
9. Centurién OA, Shimizu A, Isomoto S, Konoe A. Mechanisms
for the genesis of paroxysmal atrial fibrillation in the Wolff-Par-
kinson-White syndrome: Intrinsic atrial muscle vulnerability vs.
electrophysiological properties of the accessory pathway. Euro-
pace 2008;10:294-302.CrossRef PubMed

10/a>. Shimizu A, Centurién OA. Electrophysiological proper-
ties of the human atrium in atrial fibrillation. Cardiovasc Res
2002;54:302-314.CrossRef PubMed

11. Centurién OA, Shimizu A, Isomoto S, et al. Influence of
advancing age on fractionated right atrial endocardial electro-
grams. Am J Cardiol 2005;96:239-242.CrossRef PubMed

12. Chen SA, Tai CT, Chen JY, Tasi CF, Hsieh MH, Chen CC,
Prakash VS, Ding YA, Chang MS. Right atrial focal atrial fibril-
lation: electrophysiologic characteristics and radiofrequency
catheter ablation. ] Cardiovasc Electrophysiol 1999;10:328-35.
CrossRef PubMed

13. Kim DT, Lai AC, Hwang C, Fan LT Karaquezian HS, Chen
PS, Fishbein MC. The ligament of Marshall: a structural analysis
in human hearts with implications for atrial arrhythmias. ] Am
Coll Cardiol 2000;36:1324-7.CrossRef PubMed

14. Hwang C, Wu TJ, Doshi RN, Peter CT, Chen PS. Vein of mar-
shall cannulation for the analysis of electrical activity in patients
with focal atrial fibrillation. Circulation 2000;101:1503-5.

15. Hsu LF, Jais P, Keane D, et al.Atrial fibrillation originating
from persistent left superior vena cava. Circulation 2004;109:828—
832.CrossRef PubMed

16. Shah D, Haissaguerre M, Jais P, et al. Nonpulmonary vein
foci: do they exist? Pacing Clin Electrophysiol 2003;26:1631-5.
CrossRef PubMed

17.Oral H, Chugh A, Good E. Tailored approach to catheter abla-
tion of paroxysmal atrial fibrillation. Circulation 2006;113:1824-
1831.CrossRef PubMed

18. The AFFIRM investigators. A comparison of rate control and
rhythm control in atrial fibrillation. N Engl ] Med 2002:347:1825-
33.

19. Van Gelder IC, Hagens VE, Bosker HA, et al. A comparison
of rate control and rhythm control in patients with recurrent
persistent atrial fibrillation. N Engl ] Med 2002;347:1834—-40.
CrossRef PubMed

20. Waktare JEP, Camm AJ. Acute treatment of atrial fibrilla-
tion: Why and When to maintain sinus rhythm. Am J Cardiol
1998;81(5A):3C-15C.CrossRef PubMed

21. Pappone, C, Rosanio, S, Oreto, G, et al. Circumferential ra-
diofrequency ablation of pulmonary vein ostia: a new anatomic
approach for curing atrial fibrillation. Circulation 2000;102,2619-
2628.

22. Pappone C, Rosanio S, Augello G, et al. Mortality, morbidity,
and quality of life after circumferential pulmonary vein ostial

ablation for atrial fibrillation: outcomes from a controlled nonran-
domized long-term study. ] Am Coll Cardiol 2003;42,185-197Cross-
Ref PubMed

23. Haissaguerre M, Sanders P, Hocini M, et al. Changes in atrial
fibrillation cycle length and inducibility during catheter ablation
and their relation to outcome. Circulation 2004;109:3007-3013.
CrossRef PubMed

24. Cappato R, Calkins H, Chen SA, et al. Worldwide survey on the
methods, efficacy, and safety of catheter ablation for human atrial
fibrillation. Circulation 2005;111:1100 —5.CrossRef PubMed

25. Oral H, Chugh A, Good E, Igic P, ElImouchi D, Tschopp DR,
Reich SS, Bogun F, Pelosi F Jr, Morady F. Randomized comparison
of encircling and nonencircling left atrial ablation for chronic atrial
fibrillation. Heart Rhythm 2005;2:1165-1172.CrossRef PubMed

26. Ouyang F, Ernst S, Chun ], Bansch D, Li Y, Schaumann A,
Mavrakis H, Liu X, Deger FT, Schmidt B, Xue Y, Cao J, Hennig
D, Huang H, Kuck KH, Antz M. Electrophysiological findings
during ablation of persistent atrial fibrillation with electroana-
tomic mapping and double Lasso catheter technique. Circulation
2005;112:3038 —3048.CrossRef PubMed

27. Oral H, Chugh A, Good E, et al. Radiofrequency catheter abla-
tion of chronic atrial fibrillation guided by complex electrograms.
Circulation 2007;115:2606-2612.CrossRef PubMed

28. Reddy VY, Malchano ZJ, Holmvang G, Schmidt EJ, d’Avila A,
Houghtaling C, Chan RC, Ruskin JN. Integration of cardiac mag-
netic resonance imaging with three-dimensional electroanatomic
mapping to guide left ventricular catheter manipulation: feasibil-
ity in a porcine model of healed myocardial infarction. ] Am Coll
Cardiol 2004; 44:2202-2213.CrossRef PubMed

29. Sra J, Krum D, Hare J, Okerlund D, Thompson H, Vass M, Sch-
weitzer ], Olson E, Foley WD, Akhtar M. Feasibility and validation
of registration of three-dimensional left atrial models derived from
computed tomography with a non-contact cardiac mapping sys-
tem. Heart Rhythm 2005;2:55-63.CrossRef PubMed

30. Tops LF, Bax J]J, Zeppenfeld K, Jongbloed MR, Lamb HJ, van
der Wall EE, Schalij MJ. Fusion of multi-slice computed tomogra-
phy imaging with three-dimensional electroanatomic mapping to
guide radiofrequency catheter ablation procedures. Heart Rhythm
2005;2:1076-1081.CrossRef PubMed. Tops LF, Bax JJ, Zeppenfeld
K, Jongbloed MR, Lamb HJ, van der Wall EE, Schalij MJ. Fusion
of multi-slice computed tomography imaging with three-dimen-
sional electroanatomic mapping to guide radiofrequency catheter
ablation procedures. Heart Rhythm 2005;2:1076-1081.

31. Sra J, Krum D, Malloy A, Vass M, Belanger B, Soubelet E, Vail-
lant R, Akhtar M. Registration of three-dimensional left atrial com-
puted tomographic images with projection images obtained using
fluoroscopy. Circulation 2005;112:3763-3778.CrossRef PubMed

32. Ector J, De Buck S, Adams J, Dymarkowski S, Bogaert ], Maes
F, Heidbiichel H. Cardiac three-dimensional magnetic resonance
imaging and fluoroscopy merging-a new approach for electroana-
tomic mapping to assist catheter ablation. Circulation 2005;112:
3769-3776.CrossRef PubMed

33. Dong ], Calkins H, Solomon SB, Lai S, Dalal D, Lardo AC, Brem
E, Preiss A, Berger RD, Halperin H, Dickfeld T. Integrated electro-
anatomic mapping with three-dimensional computed tomograph-
ic images for real-time guided ablations. Circulation 2006;113:186-
194.CrossRef PubMed

www jafib.com

Sep-Nov, 2008 | Vol 11 Issue 3



Journal of Atrial Fibrillation

Editorial

34. Dong ], Dickfeld T, Dalal D, Cheema A, Vasamreddy CR, Hen-
rikson CA, Marine JE, Halperin HR, Berger RD, Lima JA, Bluemke
DA, Calkins H. Initial experience in the use of integrated elec-
troanatomic mapping with three-dimensional MR/CT images to
guide catheter ablation of atrial fibrillation. ] Cardiovasc Electro-
physiol 2006;17:459-466.CrossRef PubMed

35. Sra J. Cardiac image registration. JAFIB 2008;1(3):145-160.

36, Fahmy TS, Mlcochova H, Wazni OM, Patel D, Cihak R, Kanj M,
Beheiry S, Burkhardt JD, Dresing T, Hao S, Tchou P, Kautzner J,
Schweikert RA, Arruda M, Saliba W. Natale A. Intracardiac echo-
guided image integration: optimizing strategies for registration.
J Cardiovasc Electrophysiol. 2007: 18: 276-282.CrossRef PubMed
37. Zhong H, Lacomis JM, Schwartzman D. On the accuracy of

Cartomerge™ for guiding posterior left atrial ablation in man.
Heart Rhythm 2007;4:595-602.CrossRef PubMed

38. Noseworthy PA, Malchano Z], Ahmed ], Holmvang G,
Ruskin JN, Reddy VY. The impact of respiration on left atrial
and pulmonary venous anatomy: implication for image-guided
intervention. Heart Rhythm 2005;2:1173-117.CrossRef PubMed
CrossRef

39. Solomon SB, Dickfeld T, Calkins H. Real-time cardiac cath-
eter navigation on three-dimensional CT images. ] Interv Card
Electrophysiol 2003;8:27-36.CrossRef PubMed

40. Sra ], Krum D, Okerlund D, Thompson H. Endocardial imag-
ing of the left atrium in patients with atrial fibrillation. ] Cardio-
vasc Electrophysiol. 2004;27:247 CrossRef PubMed

www jafib.com 7

Sep-Nov, 2008 | Vol 1| Issue 3



TAFIB/

Editorial

Journal of Atrial Fibrillation

MEET THE EXPERT DOCTOR

www. jafib.com

Underutilization of Warfarin Therapy in Elderly
Patients with Atrial Fibrillation — Fear or False
Sense of Security!

Mazda Biria MD'"* Ahmad Batrash, MD? Jayasree Piallarisetti MD? James Vacek MD?* Loren Berenbom
MD?Dhanunjaya Lakkireddy, MD?

Medical Subspecialty Service, Kansas City Veterans Affairs Medical Center, Kansas City, MO',Mid-America Car-
diology at the University of Kansas Hospital, Kansas City, KS?

Abstract

Background: Under utilization of warfarin in elderly patients with atrial fibrillation (AF) has been rec-
ognized as a significant health care issue. This study examines the rate and reasons for warfarin under-
utilization in elderly patients with AF at the Kansas City Veterans Affairs Medical Center.

Methods: Retrospective study reviewing electronic medical records of all patients aged 65 and older
with the diagnosis of atrial fibrillation. Patients on warfarin were excluded. Reasons for not using war-
farin were extracted by reviewing the electronic medical record. Anticoagulation indications for these
patients were determined based on the ACC/AHA/ESC 2006 Guidelines for the Management of Patients
with Atrial Fibrillation.

Results: Warfarin was not used by 407 patients (25%) with known AF. Average age was 79+6.2 years. 60%
of patients had persistent or permanent AF. Prevalence of risk factors for thromboembolism included
hypertension (74%), heart failure or ejection fraction of <40% (21%), diabetes (27%) and coronary artery
disease (48%). CHADS (2) scores were documented in the charts less than 1% of the times. Only 11 pa-
tients had CHADS (2) score of 0 and 70 had a score of 1. A class I or Ila indication for warfarin therapy
was present in 298 (73%) of patients. Return to sinus rhythm (37%) was the most common reason for not
using warfarin. In 30% of cases the reason not to use warfarin was not addressed. Other reasons not to
use warfarin included fear of falls (7%), prior head or GI bleed (14%), patient refusal & noncompliance
(12%). History of CVA or TIA was documented in 12% of patients.

Conclusions: Underutilization of warfarin in elderly patients with atrial fibrillation remains a common
problem despite their high risk for thromboembolic events. A false sense of security about the paroxys-
mal nature of AF, lack of proper insight about stroke risk (CHADS (2)), and fear of bleeding are the most
common reasons for non use of warfarin.

Corresponding Address : Ahmad Batrash, MD,Department of Medical Subspecialties, VA medical Center,4801 Lin-
wood Blvd,Kansas City, MO 64128
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Introduction
Background

Atrial fibrillation (AF) is the most common sus-
tained arrhythmia in the elderly. Its prevalence
increases with age. It is estimated to affect over
4 percent of the population above the age of 60."*
Epidemiologic studies show AF to be responsible
for approximately 15% of strokes and associated
with decreased quality of life.> Underutilization of
warfarin in elderly is a common problem ranging
up to 30-60 %*>6782101L12 and is associated with
an increased risk of stroke resulting in disability
and significant cost.”® Physicians” overestimating
the chance of bleeding is another factor contribut-
ing to the underuse of warfarin.'* Elderly can re-
quire less warfarin to keep their INR in therapeu-
tic range'>'¢ and not paying attention to this may
increase their chance of bleeding. Study shows
that overall age is not a factor for increasing com-
plications with warfarin' but a history of falls, a
history of bleeding within the previous year and
an inability to comply with therapy were rated
as important barriers to use of warfarin by 64%,
55% and 53% of physicians.”® Although neurolo-
gists and internists are more involved in the care
of patients with stroke, they prescribe warfarin
less frequently than cardiologists.”” The Kansas
City Veterans Affairs Hospital (KCVA) is a tertia-
ry care center in the Midwest United States with
large population of inpatients and outpatients. It
is an academic teaching center affiliated with the
University of Kansas School of Medicine. Phar-
macists run an anticoagulation clinic and adjust
the dose of warfarin for all patients as treated. Al-
though under use of warfarin in atrial fibrillation
is well recognized,*'? this study was designed to
provide further insight for reasons of warfarin un-
derutilization in the elderly. The electronic medi-
cal record of the VA hospital facilitated data base
searches to identify subjects for this study.

Methods and materials

All patients, 65 years of age or older with atrial
fibrillation between 1996 and 2006 were included
in this study. Patients who were taking warfarin
were excluded. The electronic records of the re-
maining AF patients were reviewed individually.

Demographic data, reasons for stopping or not
starting warfarin, and concomitant co-morbidities
were extracted. Anticoagulation indications for
these patients were assessed based on the ACC/
AHA/ESC 2006 Guidelines for the Management of
Patients with Atrial Fibrillation, this included class
I indications based on CHADS?2 scores, as well as
class Ila indications including CAD, female gen-
der, or age 65 to 74 years. The study and the waiv-
er of consent were approved by the Institutional
Review Board and the Human Subject Committee.

Statistical Analysis

Categorical variables are expressed as frequen-
cies and percentages. The chance that a patient
with atrial fibrillation was not receiving warfarin
was analyzed by contingency table. Chi square
was used to compare discrete data. A P value less
than 0.05 was considered significant.

Results

One thousand six hundred and thirty five (n=1635)
patients 65 or older had a diagnosis of atrial fibril-
lation. A total of 407 patients (25% of total) were
not using warfarin and were included in the study.
Their ages ranged from 65 to 93 year old with an
average age of 79 + 6.2 years. Documentation of
the type of AF was found in only 20% of charts, of
them 40% of them had paroxysmal atrial fibrilla-
tion and the remainder had persistent or perma-
nent AF. A diagnosis of CVA or TIA was present
in 47 patients (12%), hypertension in 303 patients
(74%), heart failure or impaired systolic LV func-
tion (LVEF <40%) in 85 patients (21%), diabetes in
111 patients (27%), and coronary artery disease in
195 patients (48%), Only 37 patients (9%) did not
have a history of CVA, TIA, hypertension, DM, or
CAD (Table- 1). Frequency of CVA/TIA was 7.1%
in 65-69 age group and 11.7% in 85 years of age
and higher.

Discussion

In the elderly, atrial fibrillation is the single most
important cause of stroke. The risk of stroke is
increased at least 6-fold in subjects with atrial fi-
brillation® and attributable risk of atrial fibrilla-
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tion for stroke approaches 30%. There are several
medications that currently are used for reducing
chance of thromboembolism in patients with atri-
al fibrillation. The most common of them are as-
pirin and warfarin which can decrease chance of
stroke.” Previous studies showed warfarin was
superior to aspirin in decreasing thromboembol-
ic events.*** Substitution of aspirin for warfarin
may be considered in situations when there is
contraindication to warfarin or in very low risk
patients.”® In our study, only 4 patients had al-
lergy to warfarin, 39 patients refused taking war-
farin, and non-compliance with warfarin was
documented in 10 patients. All of these patients
should have at least been considered for aspirin
therapy.

There are some data that suggest an increased
risk of intracranial hemorrhage***” or mortality
due to intracranial hemorrhage® in elderly pa-
tients on warfarin. In addition there is data that
shows warfarin can decrease ischemic stroke*?*

and death.*®** This is probably because ischemic
strokes related to atrial fibrillation tend to be more
severe in comparison to other types of strokes.’ In
this study only 6 patients had some kind of CNS
bleeding. At the same time, presence of CVA or TIA
puts a patient in a high risk category for another
stroke. Current guidelines emphasize the use of
warfarin in this subset of patients.”” Nevertheless,
in our study, 47 patients with a prior diagnosis of
CVA or TIA were not on warfarin.

Conversion of atrial fibrillation to sinus rhythm
can happen in different situations including recur-
rent or paroxysmal atrial fibrillation which may be
associated with established disease states. In this
study, 77 patients (51%) were not taking warfarin
because of being in sinus rhythm. A significant
number of these patients (62/77) had a CHADS 2
score of more than 2. Presence of sinus rhythm dur-
ing one of the follow up visits should not preclude
physicians from offering continued anticoagula-
tion therapy in patients of this age group who are

Table 1 Age distribution of patients with atrial fibrillation not on warfarin and concomitant co-morbidities.
DM
CHEF or LVEF
e <40% 110N CVA/TIA
Number of
Number of AT Patients/ Number of
Age Group ] Patients/Per- ] Number of Patients/
Patients/Percent s Percent Patients/Percent s
it . cent within ot . it . Percent within the
within the same within the  within the same
the same age same age group
age group same age age group
group
group
10 4 9
65-69 . . . 24 2
(35.7%) (14.3%) (32.1%) (85.7%) (7.1%)
27 13 29 7
70-74 . . . 58 .
(34.2%) (16.5%) (36.7%) (73.4%) (8.9%)
51 CABGx4/ 10
75-79 . 21 71 .
(54.3%) (22.3%) MVR (75.5%) (10.6%)
69 25
80-84 . 32 . 97 19
(B (24.8%) (O25%0) (75.2%) (14.7%)
38 16
85 and above o 15 o 53 9
e (19.5%) (L7 (68.8%) (11.7%)
Total 195 85 111 303 47
(47.9%) (20.9%) (27.2%) (74.4%) (11.5%)
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usually at high risk for systemic thromboembo-
lism. The newest practice guidelines consider anti-
thrombotic use as a Class-Ila indication in patients
with any form of atrial fibrillation (paroxysmal or
permanent).” Furthermore, data from AFFIRM
and RACE trials indicate that the pharmacologi-
cal or electrical cardioversion to sinus rhythm in
patients with at-risk CHADS-2 scores, does not re-
duce the risk of stroke and is not an indication to
discontinue anticoagulation.

Data from this study reveal that use of warfarin
dramatically drops after 85 years of age. Previ-
ous studies have shown that the risk of thrombo-
embolic disease continues to increase as age goes
up, as is seen in this study as well. Warfarin has
been shown to be safe in the elderly patients even
in patients 90 years of age or older when INRs are
kept at target range of 2.0-3.0.> Risk of falls was
documented as the reason for not taking warfarin
in 7.6% of patients who were not taking warfarin
for atrial fibrillation. One study that reviewed 49

published anticoagulation trials of patients with
atrial fibrillation found that intracranial hemor-
rhages were uncommon. In fact the calculated
risk of subdural hematoma from falling, accord-
ing to that study, is so small that a person with
an average risk of stroke from AF (5 percent/year)
would have to fall approximately 300 times in a
year for the risk of anticoagulation to outweigh its
benefits.*3

The nationwide trend of the use of anticoagula-
tion in AF patients is not quite clear at this point in
time. Use of warfarin in patients with atrial fibril-
lation increased from 7% in 1980 to 32% in 1993.%°A
study on Medicare beneficiary patients revealed
that warfarin use for elderly patients with atrial
fibrillation increased from 24.5% in 1992 to 56.3%
in 2002.% In our study, 75% of patients were using
warfarin. But at least 10% of patients with atrial
fibrillation who met class-I indication for warfarin
use were not on that medication.

Table 2 Age distribution of patients with atrial fibrillation not on warfarin and concomitant co-morbidities.
Cause of stopping or not restarting warfarin Percent
Number of Patients (total=407)

Sinus Rhythm @ follow up 150 36.9
Patients Refused & A
75-79 31 76

. . 26
History of GI Bleeding 6.3

. . 6
History of CNS Bleeding 1.4
History of Bleeding (Others) 15 3.7
Patient Noncompliance 10 2.5
Physicians Communication Problem 10 2.5
Contraindications 4 1
Unknown (Not documented) 108 26.5
Others i 28

www jafib.com 11

Sep-Nov, 2008 | Vol 1| Issue 3



Journal of Atrial Fibrillation

Original Research

Despite several advantages of electronic medical
record in the VA system and access of health care
providers to the patient’s health data in a short
fraction of time, still 2.5% of subjects were not
receiving warfarin due to communication errors.
We could not find another study that looked at
the same problem in subjects with atrial fibrilla-
tion. And it also shows that VA’s electronic sys-
tem has potential for improvements if it can alert
health care providers for these errors.

Study Limitations

This study was performed retrospectively by us-
ing medical records on patients with a document-
ed diagnosis of atrial fibrillation. We did not ex-
amine the accuracy of the diagnosis. Incomplete
documentation poses some limitations on data
interpretation as well. We did not include INR
values in this study which may reflect patient

compliance with the medication and follow up.
Also we did not include aspirin in our record re-
view since documentation of its use was expected
to be significantly less accurate since most VA pa-
tients buy aspirin over the counter. Only 5 patients
were female which represents a typical VA popu-
lation. Gender does not change Class-I indication
for warfarin use but has a small role in Class-Ila
indications.”

Conclusions

Underutilization of warfarin in elderly patients
with atrial fibrillation remains a common problem
despite their high risk for thromboembolic events.
A false sense of security about the paroxysmal
nature of atrial fibrillation, lack of proper insight
about stroke risk (CHADS2), and fear of bleeding
are the most common reasons for non use of war-

farin.

Age distribution of CHADS(2) scores (number of subjects and percentage in each age group)

Table 3
CHAD(2) 0 1 2 3
Scores
3 13 8 4
65-69 (10.7%) (46.4%) (28.6%) (14.3%)
11 37 22 5
70-74 (13.9%) (46.8%) (27.8%) (6.3%)
14 33 32
75-79 0 (14.9%) (35.1%) (34%)
15 62 34
80-84 0 (11.6%) (48.1%) (26.4%)
12 31 12
85-89 0 (19%) (49.2%) (19%)
2 6 3
>89 0 (14.3%) (42.9%) (21.4%)
14 93 162 90
Total (3.4%) (22.9%) (39.8%) (22.1%)

Aver-

4 5 6 o Total fmmber

of patients

score

0 0 0 1.46 28

2 2

(2.5%) (2.5%) 0 1.44 79

12 3

(12.8%)  (3.2%) 0 2.54 94

11 6 1

(8.5%) (4.7%) (0.8%) 249 129

5 3

(7.9%) (4.8%) 0 2.3 63

2 1

(14.3%)  (7.1%) 0 2.57 14

32 15 1

(7.9%) (3.7%) (0.2%) 2.2 407
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Abstract

Introduction:Rheumatic mitral stenosis (RMS) increases the risk of both atrial fibrillation (AF) and
thromboembolism.

Methods: Patients with mitral stenosis and normal sinus rhythm were enrolled in the study prospec-
tively.The present study was designed to study whether echocardiographic evaluation in patients with
mitral stenosis and normal sinus rhythm could predict the occurrence of symptomatic AF . Results:
Sixty-two patients (51 females) with mitral stenosis and normal sinus rhythm were included in the
study. Seven patients (11.3%) developed symptomatic AF and the remaining 55 were free of AF during a
followed-up of 22+5 months. The following echocardiographic parameters were significantly increased
and predicted the development of AF; left atrial (LA) mediolateral diameter (5.5 + 0.5 cm vs 4.7 + 0.7 cm),
right atrial mediolateral diameter (4,7 £ 1.0 cm vs 3.6 £ 1.3 cm), LA area in the apical two chamber view (
31 £ 3.2 cm2 vs 25 + 5.8 cm2), right atrial volume (52 + 22 cm3 vs 34 + 19 cm3), and interatrial conduction
time (IACT) (142 £ 22 msec vs 115 = 16 msec).

Conclusions: OThis study revealed that echocardiography can be used to predict symptomatic AF in
patients with RMS and sinus rhythm.

Introduction in developing countries. The prevalence of AF in
patients with MS is between 17 to 80% and related
to both the severity of valve obstruction and pa-
tient age .! The incidence of systemic embolism is
greater in rheumatic mitral valve disease than in
any other common form of valvular heart disease.

Background

In rheumatic mitral stenosis (RMS), mitral valve
area is reduced, creating an obstruction to the
blood flow between the left atrium (LA) and the
left ventricle (LV), causing an elevation in LA
pressure. Elevation in LA pressure has several
important effects including enlargement of the

Patients with AF and mitral stenosis have high in-
cidence of thrombus formation in the LA** AF is
the most commonly encountered cardiac arrhyth-
LA, atrial arrhythmias, and an increase in pul- mia in this subset of patients with an increased risk
4 4 . 4 . . .
monary venous pressure. RMS increases the risk of thromboembolism.* Although mitral stenosis is

of both atrial fibrillation (AF) and thromboembo- considerefi as a strong ri§k factor fo.r AF, th? pa-
lism, causing an important health care problem rameters in mitral stenosis that predict the risk of
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future AF have not been determined. Echocardiog-
raphy is the primary and relatively simple tool to
follow up the patients with RMS. AF is generally
associated with structural changes in the atria and
echocardiography provides a detailed anatomical
evaluation. In addition, flow characteristics and
chamber pressure can also be detected by echocar-
diography.

The aim of the present study was to investigate
cardiac parameters that may predict prospectively
in preceeding symptomatic AF in patients with
mitral stenosis and normal sinus rhythm. Clinical
and echocardiographic parameters were studied
in prediction of AF.

Methods and materials

Patients

Patients with mitral stenosis and normal sinus
rhythm have been selected prospectively among a
total of 1512 patients seen in our out-patient clinic
between July 2003 and July 2004. Any patient with
anew or previous diagnosis of mitral stenosis was
evaluated for the study. Patients with a history
of AF or valve disease other then RMS (with an
exception of mild tricuspid or pulmonary valve
regurgitation), who had undergone valve replace-
ment, or those with poor echocardiographic im-
ages were excluded. None of the patients included
in this study were on anti-arrhythmic drugs. The
initial evaluation of the patients included history,
physical examination, electrocardiography (ECG)
and trans-thoracic echocardiography. At the end
of the follow-up, patients were grouped into those
who developed AF (group 1) and those who were
free from AF (group 2).

Echocardiography

The echocardiographic evaluation was performed
by transtohoracic approach (General Electrics-
Vivid 3 USA) and included standard parameters
and atrial volumes, mitral valve area, transmitral
pressure gradient and interatrial conduction time
(IACT).

Atrial volumes were calculated by the ellipse for-
mula: Atrial volume: 4 IT /3 x D1/2 x D2/2 x D3/2,
where D1 (mm) is anteroposterior, D2 medio-

lateral and D3 superoinferior dimension.” The an-
teroposterior dimension of the left atrium (LA) was
measured in the parasternal view, and the medio-
lateral and superoinferior dimensions of LA were
measured in the apical four-chamber view. For the
right atrium (RA), the mediolateral diameter was
used for both D2 and D3 in the formula. Mitral valve
area was calculated by planimetry and the pressure
half-time methods.

Interatrial conduction time was defined as the time
interval between the onset of the P-wave and the
LAA (left atrial appendage) ejection flow.® After the
apical two-chamber view was obtained, the trans-
ducer was angulated anteriorly until LAA came
into the view. A pulse Doppler sample volume in
1/3 proximal portion of LAA was used to obtain
flow recordings. The ECG was recorded simulta-
neously via a single lead. The IACT was measured
as the time interval between the beginning of the P
wave on the ECG and the onset of LAA flow. The
mean [ACT value over 5 cardiac cycles was used in
the data analysis (Figure).

Follow-up

All patients in the study were followed up with
clinical evaluation every three months. The pa-
tients were asked to visit their primary physician
if they experienced any palpitations. Patients who
reported palpitations at their follow-up visits were
subjected to 24-hour Holter monitoring. Episodes
of AF were defined to be relevant if they exceeded
duration of 30 seconds per day and coincided with
the symptoms. The patients who underwent cardiac
surgery have not been excluded from the study but
not been followed-up for further. Percutaneous val-
vuloplasty was not a criterion for exclusion from the
study or from follow-up.

Statistical Analysis

The Mann-Whitney U test was used for compari-
son of data between those with AF and without AF.
Multiple logistic regression analysis was used to
assess whether clinical and echocardiographic pa-
rameters and IACT were related to AF occurrence.
Spearman’s test was used to detect whether any of
the assessed parameters correlated with AF occur-
rence. P value less than .05 was regarded as signifi-
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cant.

Results

A total of 64 patients (11 males and 53 females)
with mitral stenosis and normal sinus rhythm
were initially enrolled in the study. Two patients
were excluded from the study due to poor visu-
alization of LAA by trans-thoracic echocardiog-
raphy. The remaining 62 patients were followed
prospectively for a mean period of 22+5 months.
Seven (11.3%, 7/62) patients developed symp-
tomatic AF during follow-up and were assigned
to Group 1. Six of the group 1 patients were
demonstrated to have an AF episode by ECG re-
cordings obtained when they were admitted to
an emergency room due to palpitations. 10 pa-
tients presented palpitation and received Holter
monitoring. A mbulatory Holter ECG monitor-
ing revealed an AF episode in one patient. Group
2 consisted of the remaining 55 (88.8%) patients
who did not develop AF during follow-up. The
demographics, drug usage, and other charac-
teristics of the patients are listed and compared
between groups (Table 1). Age, functional capac-
ity and follow-up periods were similar between
groups. During the follow-up period, eight pa-
tients underwent percutaneous mitral balloon
valvuloplasty. One patient had anterior myo-
cardial infarction. Six patients underwent mitral
valve surgery and were not followed-up further.
In these patients, the mean time of follow-up
from the time of inclusion to the surgery was
13+6 months in those patients. No other major
cardiac events have been reported.

Echocardiographic Parameters

The basal echocardiographic parameters of the
study population are summarized in Table 2.

Table 1
Group 1
All patients (n=62) (n=7)
Age (years) 42+9 42+13
Functional Class 1.85+0.70 2.00 £ 0.58
Follow-up period (months) 22+5 24+3

Mitral valve area, trans-mitral pressure gradients,
the degree of mitral regurgitation, LA volume, LA
and RA superoinferior diameters and volumes ob-
tained in apical 4-chamber and 2-chamber views
did not differ between the groups. However, the
following four echocardiographic parameters
were found to be associated with AF occurrence:
left atrial mediolateral diameter (LAML2), right
atrial mediolateral diameter (RAML2), right atrial
volume (RAV) in apical 4-chamber view, and left
atrial area in apical 2-chamber view (LA area3).
Those parameters were found to be independent
predictors of symptomatic AF.IACT was statisti-
cally significantly prolonged in group 1 (Mean
IACT value was 142 + 22 msec in group 1, 115 *
16 msec in group 2, p = 0.04). No significant cor-
relation was detected between IACT and other AF-
predictive echocardiographic parameters.

Discussion

To the best of our knowledge this is the first pro-
spective study that determined the echocardio-
graphic parameters that predict symptomatic AF
in patient with rheumatic mitral valve disease and
sinus rhythym. Previous studies have provided in-
formation about AF recurrence or have compared
chronic AF patients to control subjects with a nor-
mal sinus rhythm.” Some clinical, electrocardio-
graphic and echocardiographic parameters have
been proposed as predictors of AF recurrence such
as advanced age, left atrial enlargement and struc-
tural heart disease, although the results are con-
flicting.®® The role of left atrial diameter in predict-
ing AF remains controversial. Kinay et al found no
significant difference in left atrial diameter in pa-
tients with and without recurrent AF.° In contrast,
Diker et al has suggested that age, left atrial diam-
eter and mean trans-valvular gradient may predict
AF occurrence in their retrospective study ."In our

The comparison of the demographics and patient characteristics between groups. (CVA: Cerebrovascular ac-

cident).

Group 2 (n=55)  p value
41+9 0.913
1.84+0.72 0.556
21+5 0.244
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study, left and right atrial mediolateral diameters
at apical 4-chamber view were significantly large
in group 1. But only the volume of right atrium
was found to be significantly high in group 1. This
can be explained by that the mediolateral diameter
of the right atrium has been used for both D2 and
D3 in the volume formula. Additionally, an eccen-
tric enlargement of the atria can also contribute
these results.

Age appears to be predictive of AF recurrence only
in patients older than 70-year old." However, age
cannot be considered as a predictive parameter for
AF recurrence in patients with mitral stenosis.

The presence of an interatrial conduction delay
has been shown to be associated with occurrence
and recurrence of AF and some authors claim that
clinically reducing interatrial conduction time via
bi-atrial pacing could reduce AF recurrences in
patients with interatrial conduction delay." Inter-
atrial conduction delay may endorse AF by facili-
tating micro-reentry circuits.” There is an ongoing
debate concerning the mechanism of these issues.
A standard non-invasive method of measuring in-
teratrial conduction time is missing. Fuenmayor et
al demonstrated that IACT measured invasively
by electrode catheters, correlated with IACT mea-
sured by trans-thoracic echocardiography as the
time interval from the beginning of the P wave
to the beginning of the mitral A wave." Dilation
of LA structures in patients with mitral stenosis
makes it easy to view the LAA by trans-thoracic

Figure 1:

echocardiography, abolishing the need of more
invasive trans-esophageal echocardiography.”
Although an electrophysiological test has not
been performed in our patients, a significant cor-
relation between IACT and electrophysiological
IACT was previously reported by our group.'
In this study, IACT determined by trans-thoracic
echocardiography correlated with symptomatic
AF occurrence in patients with mitral stenosis,
independent of any other clinical and echocardio-
graphic parameters. Kinay et al. found that IACT
was prolonged in patients with recurrent AF.® But
our study reveals that [ACT has been prolonged
before the episodes of symptomatic AF have been
established.

There are conflicting results regarding whether
enlarged atrial diameter predicts AF or occurs as
a result of atrial remodeling due to AF. The pres-
ent results support that atrial enlargement may be
a structural substrate enabling symptomatic AF
to occur. However large scale studies are needed
to confirm this hypothesis.

Limitations

The design of our study does not include those
patients without symptom due to AF, since we
detected episodes of AF based on the symptoms.
None of the patients who developed AF was de-
tected coincidently. This may cause underesti-
mation of the patients with AF, and the patients
with asymptomatic AF will be listed in group 2,

Interatrial conduction time is calculated as the time interval between the beginning of the surface p wave and the

onset of LAA ejection flow. (LV: Left Ventricle, LA: Left Atrium, LAA: Left Atrial Appendage ).

peakPG
Time
Slope
PHT

3.03 mis2
34.29 msec

HR: 67 BPM
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instead of group 1. This will reduce the power
of the statistics. For these reasons, conclusions
of our study can not be applied to asymptomatic
AF patients with MS. Asymptomatic AF is a clin-
ical challenge and causes underestimation of the
incidence of AF in clinical studies. The incidence
of asymptomatic patients has been reported to
be 17%" In the literature, absence of symptoms
are escpecially evident in old patients. In con-
trary, the average age of the patients in our study
is around 40 and represents a relatively young
population. Fortunatelly, the patients with mi-
tral stenosis are tent to be symptomatic when
they develop AF, since rapid heart rate causes
relatively more hemodynamic deterioration. On
this assumption and according to the above data,
we expect less asymptomatic patients with AF in
this particular group on comparison to general
AF population. Termination of the follow-up of
the patients who underwent the surgery may
interfere the results. Following surgery the inci-
dence of AF due to pericardial irritation reaches
50% in some series with normal LA. Finally, due
to the limited number of the subjects studied and
short time of follow-up, effects of gender, age,

and surgery could not be assessed.

In conclusion, the present study showed that echo-
cardiographic JACT measurement and the other
four echocardiographic atrial parameters may
predict the development of symptomatic AF in pa-
tients with mitral stenosis and sinus rhythm. These
parameters may point out the group of patients
prone to symptomatic AF and those who need
close clinical follow-up.These parameters may be
new targets for studies to address novel approach-
es to identify patients who require additional at-
tention and modified treatment, such as early
anti-coagulation and anti-arrhythmic medications.
Large scale studies are necessary before making a
certain comment on these issues.

Clinical implications

The patients with rheumatic mitral valve disease
and sinus rhythm still has a substantial risk of sys-
temic embolism and is, therefore, they are possible
candidates for long-term warfarin therapy. There
are no reliable clinical markers in such cases. Based
on our study, prolonged IACT and enlarged atri-

Table 2 Comparison of echocardiographic parameters between groups.

All patients (n=62) Group 1 (n=7) Group 2 (n=55) P value
MVA PIn (cm2) 1.50 +0.41 1.60 +0.32 1.49 +0.32 P=0.445
MVA PHT (cm2) 1.52 +0.42 1.58 +0.35 1.52+0.43 P=0.632
PGr (mmHg) 16.84 + 8.89 16.59 +5.43 16.88 +8.19 P=0.601
MGr (mmHg) 8.62 +5.32 7.44 +3.28 8.78 +5.53 P=0.647
MR (degree) 1.24+0.83 1.50 £ 0.76 1.21+0.84 P=0.406
TTGr (mmHg) 33.55 +16.52 33.86+18.19  33.51+16.48 P=0.845
LA AP1(cm) 5.33 +0.49 5.36 +0.50 5.10 + 0.41 P=0.039
LA area (cm2) 27.54 + 6.10 31.48 +5.91 27.04 +5.99 P=0.071
LASL (cm) 7.11+0.96 7.26 +1.08 7.09+0.95 P=0.556
LAML2 (cm) 4.81+0.68 5.51+0.50 4.72 +0.65 P=0.002
LA area2 (cm?2) 28.23 +£5.83 31.51+£5.23 27.81+5.82 P=0.116
RAML2 (cm) 3.74+1.32 4.74 +1.04 3.61+1.31 P=0.013
RASL (cm) 494 +1.24 495 +1.77 493 +1.18 P=0.711
RA area 2 (cm2) 15.08 +4.48 17.75 + 6.65 14.74 +4.09 P=0.218
LAAP3 (cm) 5.63 +1.46 6.01 +1.27 5.58 +1.48 P=0.273
LASI3 (cm) 5.87 +1.29 6.00 +1.84 5.85+1.23 P=0.485
LA area3 (cm2) 25.91+5.79 30.70+3.17 25.30+5.78 P=0.006
LAV (cm3) 107.84 +45.73 131.36 +42.63  104.85 +45.61 P=0.101
RAV (cm3) 36.12 +20.12 51.94+22.33  34.10+19.12 P=0.018
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al diameter can be used to select a subgroup of
patients who may actually benefit from antico-
agulant therapy in patients with RMS and sinus
rhythm.
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GIANT Flutter Waves in ECG Lead V1: a Marker
of Pulmonary Hypertension
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Abstract

Atrial flutter (AFI) may exist with or without un-
derlying structural heart disease. Typical AFl
presents as a “sawtooth” pattern on the ECG —
with inverted flutter (F) waves in the inferior leads
and upright F waves in V1. This morphology of-
fers no direct clues as to the underlying cardiac
disorder, if any. Occasionally we have encoun-
tered giant F waves, most prominently in lead V1,
reaching 5 mv or more in height — sometimes ex-
ceeding the QRS voltage. The significance of this
pattern has not been investigated and reported
on. To determine if giant F waves in V1 provide
any insight into the presence/type/absence of spe-
cific underlying cardiac pathology, the history of
6 consecutive patients with giant F waves was re-
viewed. Upon review, the only factor common to
each patient was the presence of or history of pul-
monary hypertension. Right ventricular dilation
and/or dysfunction and right atrial enlargement
with or without tricuspid insufficiency were pres-
ent in each by echocardiography. Giant F waves
appear to occur in the setting of right heart dys-
function in patients with a history of or the contin-
ued presence of pulmonary hypertension. Their
detection should indicate the need for right heart
evaluation.

Atrial flutter (AFl) is a common arrhythmia' that

may occur in the presence or absence of underly-
ing structural heart disease and may occur in con-
junction with or in the absence of periods of atrial
fibrillation.>* Most often, atrial flutter takes the
form of a right atrial reentrant arrhythmia revolv-
ing around the RA isthmus in a clockwise or coun-
terclockwise direction, in which it is referred to a
“typical” AFl and produces a “sawtooth” pattern
to the flutter waves — especially in the inferior ECG
leads; other forms morphologically and/or in loca-
tion have been considered as “atypical” flutter .>*

Among the many structural heart disease altera-
tions to which AFl has been linked is pulmonary
hypertension,” whether from congenital® or ac-
quired disorders.However, no specifics of the
morphological characteristics of the flutter in the
setting of pulmonary hypertension have been de-
scribed. Accordingly, we found it of note that in
six consecutive patients who presented with “gi-
ant” flutter waves — 5 mv or greater in height in
lead V1, often taller than the QRS complex in the
same lead, each had a common underlying find-
ing: that of a history of or active presence of pul-
monary artery (PA) hypertension and structural
right heart alterations.

Methods

The records of six consecutive patients who pre-
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sented in atrial flutter with “giant” flutter waves ~ Each underwent echocardiography in addition
as defined above were reviewed retrospectively.  to other tests deemed clinically necessary in their
Patient ages were 36 to 73 years; 5 were women.  particular circumstances.

Figure 1-3:12 lead electrocardiograms from three of the six patients that demonstrate “giant” flutter waves. In the remaining 3
patients, the flutter waves strongly resembled those in panel 2.
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Patient #1 was a 36 year old female with primary
pulmonary hypertension who was treated with
an atrial balloon septostomy. Her pre-procedure
PA pressures were 84/48 mm Hg.Patient #2 was
a 38 year old female with idiopathic pulmonary
fibrosis who ultimately underwent lung trans-
plantation. Her pre-operative PA pressures were
99/52 mm Hg.Patient # 3 was a 59 year old female
with a history of rheumatic aortic and mitral
valve disease who was s/p mechanical mitral and
aortic valve replacement. She also had chronic
obstructive pulmonary disease. Estimated sys-
tolic PA pressure by echocardiography was 48
mm Hg.Patient #4 was a 73 year old female with a
history of rheumatic mitral valve disease, having
undergone valvuloplasty in 1954 and eventually
prosthetic valve replacement 50 years later. Her
estimated PA systolic pressure by echocardiogra-
phy was 45 mm Hg.Patient #5 was a 37 year old
female with primary pulmonary hypertension
who ultimately underwent bilateral lung trans-
plantation. Her pre-operative PA pressures were
92/49 mm Hg.Patient #6 was a 62 year old male
with a familial hypertrophic cardiomyopathy and
mitral insufficiency who was treated medically.
Her estimated PA systolic pressure by echocar-
diography was 50 mm Hg.

Results

In each of the 6 patients described, the ECG pre-
sentation of their atrial flutter revealed “giant”
flutter waves. None of the patients had atrial fi-
brillation in the time frame of their atrial flutter.
There was no underlying left heart disease in the
three patients with primary pulmonary hyperten-
sion or idiopathic pulmonary fibrosis. Represen-
tative ECGs from three of the patients are shown
[figures 1-3]. In addition to the presence of “gi-
ant” flutter waves on their electrocardiogram,
and an underlying pathology that included the
presence of or history of pulmonary hyperten-
sion, each of the patients on echocardiography
had findings of right ventricular dilation and/or
mechanical dysfunction and visually assessed
right atrial enlargement. RA planimetry was not
routinely performed in all patients. Four also had
more than trace tricuspid insufficiency. Flutter
was treated medically in each patient and none
has undergone electrophysiologic study. In only
1 patient (patient #1) was the flutter “typical” RA

isthmus-dependent by 12 lead ECG (not shown).

Discussion

Atrial flutter is a commonly encountered atrial
tachyarrhythmia. It may occur as an isolated disor-
der (“lone”) or alternate with “lone” atrial fibrilla-
tion or it may occur in the setting of demonstrable
underlying cardiac disease. To date, however, the
magnitude of the flutter waves on the electrocardio-
gram has not been a focus of diagnostic interest. In
the six patients we encountered whose data are de-
scribed above, the magnitude of the flutter waves
in ECG lead V1 was “giant,” that is, 5 mv or more.
In each there was an underlying common finding
of primary or secondary pulmonary hypertension
with right ventricular and right atrial enlargement.
We have not encountered “giant” flutter waves in
any other setting. Thus, we suggest that the detec-
tion of “giant” flutter waves should indicate a high
degree of suspicion for pulmonary hypertension
and right heart pathology and lead to an appropri-
ate evaluation if not already performed.
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Abstract

Long procedure time and somewhat suboptimal results hinder the widespread use of catheter ablation
of complex arrhythmias such as atrial fibrillation (AF). Due to lack of contrast differentiation between
the area of interest and surrounding structures in a moving organ like heart, there is a lack of proper
intraprocedural guidance using current imaging techniques for ablation. Cardiac image registration is
currently under investigation and is in clinical use for AF ablation. Cardiac image registration, which
involves integration of two images in the context of the left atrium (LA), is intermodal, with the acquired
image and the real-time reference image residing in different image spaces, and involves optimization,
where one image space is transformed into the other. Unlike rigid body registration, cardiac image regis-
tration is unique and challenging due to cardiac motion during the cardiac cycle and due to respiration.
This review addresses the basic principles of the emerging technique of registration and the inherent
limitations as they relate to cardiac imaging and registration.

Key words:atrial fibrillation, imaging, registration

Introduction of aligning different images."?It provides a means
for physicians to incorporate within a single view
the varied information captured by different imag-
ing modalities. Intrasubject intermodal registra-
tion using 3D imaging modalities is an area of cur-
rent focus with regards to radiofrequency catheter
ablation procedures.>!! Cardiac motion of the heart
and interpatient variability of anatomical features

therefore, aid in guiding the accurate and efficient make the registration of cardiac images a unique

placement of ablation lesions in complex anatomy challenge. Objective validation of the registration
such as the LA during AF ablation. technique is, therefore, necessary before its utility

as a tool for image-guided therapy can be properly
assessed.

Fluoroscopy does not provide adequate anatom-
ic visualization, due to poor soft tissue contrast,
and fluoroscopically-guided intracardiac cath-
eter-based procedures, such as AF ablation, are
becoming increasingly complex. Improved intra
procedural imaging of relevant anatomy would,

Three-dimensional (3D) imaging modalities such
as computed tomography (CT) and magnetic res-
onance imaging (MRI) offer high quality anatomic
visualization, given their excellent tissue contrast
characteristics and high spatial and temporal res-
olution. Registration involves an optimal strategy

This review addresses the basic principles of regis-
tration and their impact on registration results and
examines the validity of applying the registration
process within the particular constraints of cardiac
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imaging. Although any modality can be used for
registration, given the current interest in image-
guided therapy for AF, LA-CT imaging and regis-
tration is the main focus of this review.

CT-MR Imaging and Segmentation Patients
Technical Considerations

Most medical images are in a digital format and
are made up of a rectangular array of small square
or rectangular elements called pixels. Each pixel
provides the coordinate system of the image and
an element in the image can be assessed by its two-
dimensional (2D) position within this array. A
typical CT slice, for example, is formed of 512x512
pixels and each corresponds to a portion of the
cut through the patient measuring about 0.5x0.5
mm?2 . The matrix and the pixel size are related
to the display field of view (FOV). If for example,

the FOV is 25 cm, each pixel will be FOV/matrix
size, 25/512 = 0.48 mm?2. This dimension determines
the limiting in-plane spatial resolution of the im-
age. The 2D axial slices are then stacked together
to form a 3D volume. Each pixel corresponds to a
small volume element, called the voxel. The height
of the voxel is determined by the slice thickness. If
the axial slice thickness, in the above example, was
1.5 mm, the voxel size would be is 0.48 x 0.48 x 1.5
mma3. For MR brain imaging, typical voxels may be
0.9 x 0.9 x 3 to 5 mm3 with 256 x 256 pixels in a slice.
It is also possible to acquire MR images with cubic
voxels which can be used for registration.

CT Imaging

In a CT imaging system configuration, an x-ray
projects a fan-shaped beam that is collimated to lie
within an X-Y plane of a Cartesian coordinate sys-
tem, generally referred to as the imaging plane. The

Table 1: Three-dimensional (3D) and endocardial left atrial image reconstruction. Representative examples of 3D models of
three different pulmonary vein morphologies, along with endocardial views, are depicted. As opposed to the standard four
pulmonary veins in the left panel, the middle panel shows a common pulmonary vein and the right panel shows an additional
right middle vein. The respective endocardial views, along with the mitral valve (MV), are shown in the bottom panel. The lo-
cation of the circumflex artery (Cx) in the left panel is also shown. LAA = left atrial appendage; LIPV = left inferior pulmonary
vein; LSPV = left superior pulmonary vein; RIPV = right inferior pulmonary vein; RMPV = right middle pulmonary vein; RSPV
= right superior pulmonary vein. Reproduced with permission from Sra et al. ] Cardiovasc Electrophysiol Images 2004; 15:247
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x-ray beam, after being attenuated by the organ
through which it passes, impinges upon an array
of radiation detectors. The intensity of the x-ray
beam received at the detector array is dependent
upon the attenuation of the x-ray beam by the ob-
ject.

Pixel values are a measure of the x-ray attenuation
in Hounsfield units (HU) where the HU= 1000-
(4p/uw-1), and p is the average linear attenuation
coefficient of the volume element represented by
the pixel and pw is a linear coefficient of water
for the effective energy at the beam exiting the
patient. Thus water has an HU number of 0 and a
region with a CT number of 100 HU has a linear
attenuation coefficient that is 1% greater than the
linear attenuation coefficient of water.

In the ECG-gated helical CT acquisition, the x-ray
tube (and detector array) rotates continuously
about the patient collecting the data, while the
patient table (and the patient) is moved at a con-

stant speed through the imaging plane, thus col-
lecting a continuous sequence of consecutive axial
images from a volume of patient’s anatomy. Faster
scanning, as currently done with 64 slice CT scan-
ners, allows a large volume of data in short peri-
ods of time. This allows 3D reconstruction of the
image set resulting in true depiction and a more
highly diagnostic anatomic image across the pa-
tient population.

The factors selected in scanning a patient include
slice width, FOV, gantry rotation speed and vol-
ume of coverage as well as basic contrast injec-
tion protocols. Scan time is calculated from the
scan volume (total distance traveled by the table)
divided by the table speed. Also important is the
pitch which is defined as ratio of distance the table
moves per 360° rotation. A pitch of 1.0 thus means
the patient table moves a distance of one slice.
Similarly, a pitch of 0.2 means the gantry rotates
5 times as the table moves a distance equal to the
collimator width.

Figure 2: Simplified rigid body registration process. Left panel shows that once 3 fiducial points are taken a triangle is formed.
In the right panel, A represents projection of CT (red) and reference image (blue). Panel B depicts initial step which involves
translation of centroids. Panel C involves scaling to calibrate both images. Panel D shows rotation of the image to minimize the

sum of the squared distances between fiducial points

Triangle formed
when 3 points taken
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To avoid respiration artifacts, scanning is per-
formed during the breath held in inspiration or ex-
piration. The acquired data is synchronized with
the collection of the ECG (QRS) signal. The data
acquired during consecutive cardiac time inter-
vals can then be combined to produce an image
of the heart at the same phase of the cardiac cycle
throughout the volume. Retrospective gating al-
lows alignment of images during any phase of the
cardiac cycle due to the continuous helical acquisi-
tion.

A medical image standard known as DICOM (Dig-
ital Information and Communications in Medi-
cine) is widely used. This allows data to be ex-
changed between scanners and viewing consoles.
The American Radiological convention is to dis-
play axial images with the right side of the patient
at the left and posterior side at the bottom when
looking at the computer workstation screen.

MRI Imaging

MRI is based upon the principles of nuclear mag-

netic resonance, a spectroscopic technique to
obtain microscopic chemical and physical infor-
mation about molecules.”” MRI started out as a
tomographic imaging technique, producing an
image of the nuclear magnetic resonance signal
in a thin slice through the human body. MRI has
now advanced beyond a tomographic imaging
technique to a volume imaging technique. Mi-
croscopic imaging is based on the absorption and
emission of energy in the RF range of the electro-
magnetic spectrum. The human body is primarily
fat and water. Fat and water possess hydrogen at-
oms. Hydrogen nuclei have an NMR signal which
is imaged by MRI. Cardiac motion compensation
is performed by synchronization of the image ac-
quisition to the ECG signal. Both prospective and
retrospective ECG gating can be performed. In
addition to cardiac cycle motion, another source
of image distortion is respiratory motion. Due
to the development of faster MR imaging tech-
niques, such as echo-planar imaging and turbo
field echo imaging, it is possible to acquire imag-
es during short breath-hold of around 15 seconds.
Recent technical advances have make it possible

Figure 3: Schematic of point-based registration depicting errors. Panel A depicts the fiducial localization (FLE) error. Red circles
represent positions at which the points are determined by the localization process in one of the two spaces involved in the regis-
tration process. The light circles represent the actual position. Panel B depicts point-based registration illustrating two measures
of registration error. The red circles represent position y in one space. The lighter circles represent position x in the other space
after they have been mapped by the registering transformation T. The larger, numbered circles are the points used to effect the
registration. Fiducial registration error (FRE) is the alignment error between these. Target registration error (TRE) is the relevant
registration error at a point (smaller circles) not used in the registration. Reproduced with permission from Sonka M, Fitzpatrick
JM (eds). Handbook of Medical Imaging. V.II. Bellingham, WA:SPIE Press; 2000
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to acquire a stack of 12 slices, with around 25
cardiac phases each, in a single breath-hold of 20
seconds. As with the use of CT, PV anatomy can
be clearly delineated using MRI.

LA Imaging and Segmentation

The process of dividing images into different re-
gions to visualize areas of interest is called seg-
mentatio.”'* Because of issues such as spatial
resolution, poor contrast, ill-defined boundaries,
noise, or acquisition artifacts, segmentation is a

difficult task. Image segmentation methods can be
grouped into thresholding, boundary detection,
and region identification.

Thresholding is the simplest but most effective
segmentation method. During thresholding, pix-
els with intensities below a threshold value are as-
signed one class and the remaining pixels a differ-
ent class. Regions are then formed by connecting
adjacent pixels of the same class. Boundary edges
are needed in various image analysis applications.
Thus boundary extraction methods use informa-

Figure 3: Left atrium (LA) registration. A: Landmark pairs (highlighted with colored circles) at the 6 0’clock mitral annulus (MA)
position and the junctions of the LA and right superior pulmonary vein (RS), right inferior pulmonary vein (RI), left inferior
pulmonary vein (LI) were annotated on the 3D CT LA surface reconstruction (upper image, shown as wire-frame) and the LA
electroanatomic map (lower image, shown as solid shell) with colored tubes representing pulmonary veins (PVs). B: After land-
mark registration, the 3D LA surface reconstruction was superimposed on the electroanatomic map (shown as mesh). Note, the
misalignment of the LS, LI, and RS between the two image datasets, indicated by the yellow or red color of the PV points (ar-
rows) sampled in those PVs. C: After surface registration was executed, the PV alignment between the two image datasets was
significantly improved, indicated by the green color of the PV points. The green, yellow, and red colors of the electroanatomic
map points indicate their distance of <5 mm, 5-10 mm, and >10 mm, respectively, from the registered CT reconstruction surface.
Reproduced with permission from Dong et al. ] Cardiovasc Electrophysiol 2006;17:459-466
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Figure 5: CCartoMerge image demonstrating a cut-away view of the right (right) and left (left panel) pulmonary vein region.
Endocardial aspects are gray, and epicardial aspects are yellow. The actual lesion path is shown by the dotted line. Each red
sphere demarcates an electroanatomic point taken along this path, which was acquired using ICE guidance while blinded to the
CartoMerge image. Reprinted from Heart Rhythm, Vol. 17, Zhong et al. On the accuracy of CartoMerge for guiding posterior

left atrial ablation in man, pages 595-60, 2007 with permission from Elsevier

tion about intensity differences between adjacent
regions to separate the regions from each other.
If the intensities within a region vary gradually
but differences of intensities between adjacent
regions remain large, boundary detection meth-
ods will delineate the region. Region identifica-
tion techniques then form regions by combining
pixels of similar properties.

Detailed CT and MR studies''” have shown that
anywhere from 65% to 80% of patients have 4
PVs, with left common and right middle seen in
others. Part of the main trunk of the right supe-
rior PV passes immediately behind the right su-
perior-SVC junction. It has also been shown that
the right superior PV trunk branches out signifi-
cantly sooner than do the left PVs. In 10% to 20%
of cases, a middle PV arises independently on
the right side./p>

The right inferior PV arises inferiorly and later-
ally to the right superior PV. It divides almost
immediately, within 5 to 10 mm, into superior

and inferior branches. The distance between the
right superior and right inferior PVs across the canal
ridge varies from 2 to 8 mm.

The left superior PV lies superior and posterior to
the LA appendage. It enters the LA in a more verti-
cal direction. It usually has multiple branches which
ordinarily arise 10 to 20 mm from its base. The left
inferior PV enters the LA more horizontally from
a posterior and lateral position. It branches almost
immediately. A common antrum of the left superior
and inferior PVs is seen in 3% to 30% of patients.
In a series of over 500 CT scans, in addition to the
left common and right middle PVs (Fig 1),"® we have
seen other unusual anatomies including a common
right PV, 3 PVs on the right and left, and a common
ostium of the left inferior PVs

Registration

Fundamentals of Image Registration

The image registration process entails combining
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images from two different image coordinate spac-
es, such that multiple anatomic features or points
of interest are aligned."*These points, called
the fiducial points, are marked on the two image
spaces. During the actual registration process, the
image to be registered undergoes a mathemati-
cal transformation in all of its degrees of freedom,
such that its image coordinate space is mapped
onto that of the other image. For 3D structures,
there are 6 degrees of positional freedom (transla-
tion along three orthogonal directions, and rota-
tion along three axes). In addition, for the purpose
of calibration, scaling factors between two image
spaces must be accounted for in three dimensions.
This registration process can be accomplished
with a minimum of 3 non-collinear fiducial points
matched in each of the image spaces. More points
would increase the accuracy of the registration
process. A translation factor can be achieved by
using techniques and processes to align the center
of the anatomical structures. Proper rotation can
be calculated in terms of three angles (0x, Oy, and
0z). Assuming that the systems used for registra-
tion are calibrated such that the patient centered
referential is the same in terms of orientation,

there will be minimal rotation between the two
systems. However, some rotational error may still
occur due to movement of the heart and during
respiration.

Several assumptions are generally made during
this process. First, the structure undergoing reg-
istration is assumed to be a rigid body, which has
undergone no changes or deformations from the
time of imaging to the time of registration. This
assumption may introduce limitations into the
registration process when applied to a moving
structure such as the heart. Furthermore, the final
registration error is limited by how accurately fi-
ducial points were identified in the respective im-
age spaces.

Cardiac registration, in the context of the LA dur-
ing AF ablation, is intermodal, with the acquired
images and real-time reference image residing in
different imaged spaces. Registration algorithms
involve the optimization of a cost function by the
choice of a transformation (T) which transforms
one image space into the other. T can either be lin-
ear or nonlinear [19-21]. Linear transformations

Figure 6: ECG and respiration-gated registration. Fluoroscopic image is taken during the same cardiac cycle phase (75% as
shown by green arrows), and respiration-gated (during inspiration) as CT imaging. Accurate registration is seen. System also

allows marking of the ablation site (seen as red circles)
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are shape-preserving and are composed solely of
rotations, translations, and isotropic scaling. Non-
linear transformations may deform both shape and
size between images. A linear or nonlinear transfor-
mation decides the number of parameters involved
in its definition. A linear transformation between
3D spaces is defined by 6 parameters (or degrees of
freedom), where two positions of a rigid body can
always be related to one another in terms of three
translations and three rotations. As the voxel sizes
in each image may not be similar for calibration
purposes, three extra degrees of freedom, equating
to scaling in each direction, are needed (Fig. 2). A
nonlinear transformation, as it may deform both
shape and size, will require more degrees of free-
dom.

The cost function is a measure of similarity (or dis-
similarity) between the reference image and the
transformed image and optimization is usually re-
quired to make the registration process accurate.
Gradient descent method' is used to calculate the
cost function for the set of registration parameters
described above. The direction of the greatest de-
crease of cost function can be mathematically com-
puted at that set of parameters. A search is done
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in the direction of the greatest decrease until a
new minimum is found. The parameter set is then
updated to be the point at which the new mini-
mum occurs. This process continues until minimal
change occurs in the cost function with successful
steps.

Registration methods fall into two broad catego-
ries, based on either geometric similarities be-
tween images or voxel intensity similarities. Voxel
similarity-based methods have traditionally been
used to assess serial changes in the brain using
MR images and are not relevant to this review and
will not be discussed further.

Geometry-Based Methods

Geometry-based methods can be point-based or
surface methods applied to both 3D-3D and 3D-
2D registration models. Point-based registration
methods depend upon the appropriate definition
of two sets of corresponding fiducial points in
each set of images to be registered. The cost func-
tion, the residual sum of squares (RSS) between
the transformed points of the acquired image and

Table 1 Registration Techniques and Errors
Author Ref Reglst.r ation Pts./other Error mm Comments
Technique
Sra HR, 2005 CT/ESI Animal Model 2.0+3.6 target registration error
Tops HR, 2005 CT/CARTO 16 1.8+1 feasability- mapping points and CT surface
Dong JCE, 2006 CT/CARTO 16 (8 CT) 3.0+0.4 technique as above
12+11 (insp)
Malchano  JCE, 2006 CT/CARTO 13 4.7+0.9 (exp)  technique as above
Kistler JCE, 2006 CT/CARTO 47 2.4+0.4 technique as above-CartoMerge (83% vs. 60%)
Dong Circ, 2006 CT/CARTO  Animal Model 1.8+1.0 target registration error
5.6+3.2 (post)
Fahmy JCE, 2007 CT/CARTO 124 9.1+2.5 (ant)  ICE-guided assessment
16+12 (right)
Zhong HR, 2007 CT/CARTO 16 1147 (left) ICE-guided assessment
Sra Cire, 2006 CT/flworo  pro™O™ 20 1405 feasability
Sra JCE, 2007 CT/fluoro 50 --- outcome study (84% vs. 67%)
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their corresponding points in the real-time im-
age, is determined and then applied to the en-
tire acquired image data set. Thus, if IN denotes
the set of fiducial points in the acquired image,
{y}IN denotes the corresponding points on the
real-time image, i.e., the choice of T minimizes
the error iN=1 IIt(x)-y1 II2. Fiducial point sets are
either automatically determined based on exter-
nal skin markers or manually determined based
on anatomical landmarks. The former method
is usually used in the registration of neuro im-
ages, as the static nature of the brain allows its
internal organization to be characterized by its
external features. The latter method has been
used in cardiac image registration.”®*' For rigid
structures such as the brain, three non collinear
fiducial points may be sufficient to establish the
transformation between the 3D image volumes.
However, the larger the number of points used,
the more any error occurring during collection
of the points is averaged out. The algorithm for
calculating the transformation between the 3D
images involves first computing the average of
the “centroids” of each set of points. The differ-
ence between the centroids in the 3D images tells
us the translation that must be applied to one set
of points. These points are then rotated about
the new centroids until the sum of the squared
distances between each corresponding point
pair is minimized. The square root of the mean
of this squared distance is referred to as fiducial
registration error (FRE). The mathematical solu-
tion is known as the solution to the orthogonal
Procrustes problem,” named after a robber in
Greek mythology who fitted his guests to a bed
of the wrong size. The manual aspect of the fidu-
cial point localization, however, has an inherent
error, the fiducial localization error (FLE), asso-
ciated with each point.

Surface-based methods are used in registering
a 3D image. Surface structure information is ex-
tracted from the CT or MR. Hence surface-based
methods are mostly used in conjunction with
these modalities. The process involves charac-
terizing the surface represented in each of the
images to be registered then deriving the best
transformation T between them. The cost func-
tion here is a display function which provides a
measure of distance between the surfaces. One
of the surfaces is represented by a set of discrete
points while the other has a surface representa-
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tion. Surface can be represented as faceted surfaces,
implicit surfaces or parameterized surfaces. Ini-
tially, a correspondence between the point set and
the surface must be chosen. T is then optimized to
minimize registration errors. One problem with
the method is that, although T is not rigid in the
context of cardiac registration, to achieve compu-
tational efficiency with this method, it is often as-
sumed to be rigid. Another potential problem with
this technique is that it is highly dependent upon
identification of corresponding surfaces, yet differ-
ent imaging modalities can provide very different
image contrast between corresponding structures.
Registering 3D and 2D Images

FIf the geometry of the image acquisition is tightly
controlled, 2D images may be registered purely via
a rotation and two orthogonal translations. Clini-
cally relevant examples of this are rare. 3D to 3D
image registering using CT or MR is becoming
more widespread. The assumption is usually made
that the internal anatomy of the patient has not dis-
torted or changed in spatial relationship between
organs so that the imaged part of the body behaves
as a rigid body. In this case, three translations and
three rotations will bring the image into registra-
tion as described before. The rigid transformations,
a subset of linear transformations, are composed
solely of rotations and translations. If T is rigid be-
tween images of the same dimensions, the use of
the singular value decompositions (SVD) method
has been determined to provide T with a good
degree of accuracy and stability, and is favorable
for its noniterative time efficiency.” SVD is a tech-
nique for expressing a given matrix as a product of
three component matrices which reveal structural
information about the original matrix. Orthogonal
matrices are square matrices with row and column
vectors directionally perpendicular to each other,
having measurable magnitudes. Thus, if T is rigid,
it can be expressed as follows: T (x) = (x) + t where
is an orthogonal rotation matrix and t is a transla-
tional vector.

The process of registration becomes more compli-
cated if one of the images represents a projection
of physical space, as is the case with most optical
images and conventional x-ray radiographs. These
images are called “projection” images. One point in
an x-ray image will correspond to some combina-
tion of the x-ray attenuation value along the line in
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the patient leading from the x-ray source to the
imaging plane. This means that one point in the
radiograph will correspond to a line of points
through a CT or MR image. In optical images,
only the visible surface will contribute to the im-
age.

When T is constrained to be a perspective pro-
jection transformation from a 3D space to a 2D
space, the problem is referred to as Projection
Procrustes Problem.” If, for example, x1 is a ma-
trix of image points in a 3D image space, x2 a
matrix of corresponding points in the 2D image
space and a projection transformation, a solution
of the Projection Procrustes Problem minimizes
II x1 - x2 II. This problem is iteratively solvable
when x1 and x2 are known; a non iterative so-
lution based upon the SVD technique described
before can also be found in a similar manner to
that outlined before.

For computational efficiency, transformations
are restricted to scaling, translations and rigid
rotations in the x-ray space, and are based on the
optimized alignment of corresponding features
or other image properties. The details may vary,
but they are described mathematically as A (af (x)
+t) » y where f is a choice function that selects an
appropriate 2D slide of the CT volume. Based on
the orientation of the x-ray C-arm, a is a scaling
parameter that standardizes the sizes of the im-
ages, tis a 2D translational parameter that aligns
the centers of the images and A is a rotational
matrix that completes the alignment process.
In the CT x-ray registration, a, t , and A are the
usual parameters involved; however, the choice
function f can also be thought of as an additional
parameter. Registrations that are non rigid and
incorporate more parameters generally produce
more accurate results. However, as results for
interventional purposes need to be obtained in
real time, a compromise has to be reached in
registration design between accuracy and quick
computational design. Surface-based methods
are used in registering a 3D image. Surface struc-
ture information is extracted from the CT or MR.
Hence surface-based methods are mostly used in
conjunction with these modalities. The process
involves characterizing the surfaces represented
in each of the images to be registered then deriv-
ing the best transformation T between them. The
cost function here is a display function which
provides a measure of distance between the sur-
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faces. One of the surfaces is represented by a set of
discrete points while the other has a surface rep-
resentation. Surfaces can be represented as faceted
surfaces, implicit surfaces or parameterized surfac-
es. Initially, a correspondence between the point set
and the surface must be chosen. T is then optimized
by some form of the gradient descent technique de-
scribed before. The optimization algorithm selects
T to minimize the sum of weighted distances in
the disparity function between the reference image
surface and the set of transformed points and it is
known as the iterative closest-point algorithm.

One problem with the method is that, although T
is not rigid in the context of cardiac registration, to
achieve computational efficiency with this method,
it is often assumed to be rigid. Another potential
problem with this technique is that it is highly de-
pendent upon identification of corresponding sur-
faces, yet different imaging modalities can provide
very different image contrast between correspond-
ing structures. Currently, computer-assisted seg-
mentation almost always requires some manual
editing and adjustment.

Clinical Applications for (LA) Registra-
tion

Many studies have been performed recently to
implement semi-automated 3D-3D and 3D-2D reg-
istration strategies. This section describes some re-
cent advances made in the registration of acquired,
structurally-revealing 3D images with real-time
images. Table 1 depicts different registration tech-
niques for the LA and various errors reported with
some of these studies..

3D Anatomical Mapping Systems

Anatomical mapping systems provide the 3D po-
sition of a navigational catheter within the cardiac
chamber of interest and, in some instances, can also
be used to construct 3D maps of the cardiac cham-
ber. Magellan and CARTO (Biosense Webster, Inc.,
Diamond Bar, CA, USA).**?use the electromagnetic
position of the catheter tip, based on an electromag-
netic locator pad which is placed below the patient,
and a reference catheter at a fixed external (usually
posterior) location. LocaLisa (Medtronic, Inc., Min-
neapolis, MN, USA) and NavX (St. Jude’s Medical.
Inc., Minneapolis, MN, USA) use voltage gradients
generated by external electrical fields to spatially
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orient and localize the catheter tip.?** EnSite bal-
loon (St. Jude’s Medical, Inc., Minneapolis, MN,
USA)® uses an electrically-coded catheter and a
multielectrode mapping balloon to create maps and
define the location of the navigational catheter.

Point and Surface-Based Registration

In one of the earlier studies, point-based regis-
tration was performed using CT images and the
EnSite system.* Fiducial points (= 3 non collinear
points) were manually inserted in the form of pac-
ing leads into the LA of a canine model and CT im-
ages were recorded. Following segmentation of the
LA, a wire-frame model of the LA was imported
to the noncontact, multielectrode array-based EnS-
ite mapping system. Goodness-of-fit was evalu-
ated qualitatively by observing a cloud of points
post registration. When registration was tested by
navigating the catheter to the buried electrodes and
delivering radiofrequency pulses at these points,
the mean fiducial registration error was 6.9+2.2 mm
and the target registration error was 2.0+3.6 mm.

A study by Solomon et al* attempted the registra-
tion of porcine cardiac CT images with the real-
time catheter location provided by the Magellan
mapping system. A point-based registration meth-
od was used with fiducial points determined by ex-
ternal markers placed on the swine’s chest prior to
CT imaging. Accuracy of the registration was deter-
mined by position error, distance between the actu-
al location of the marker and the location where the
navigational system registered the point (fiducial
registration error). The accuracy was determined to
be within 4.69+1.70 mm. A reference catheter taped
to the swine’s chest indicated that lateral motion
due to respiration accounted for increased inaccu-
racy.

Reddy et al® performed a similar study on the reg-
istration of MR images using the CARTO system.
The main difference was that a surface-based meth-
od was chosen for registration in which the MR im-
ages were created and the points were marked out
on the left ventricle and aorta via the CARTO. An
iterative closest-point algorithm was used to regis-
ter the image. The results indicated that registra-
tion of the left ventricle alone resulted in inaccurate
alignment. Inclusion of the aorta in the registration
process rectified this error.
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A clinical application of this technique is now
available which uses the CARTO system and ei-
ther CT or MR (CartoMerge™).>*!! A combina-
tion of landmark and surface registration is used
to register CT or MR with the CARTO system.
Initially, several landmarks, usually 3, are man-
ually chosen and annotated. Following this, the
3D LA reconstructed image from the CT or MR
is superimposed upon the electroanatomic map
created by the CARTO mapping system (Fig. 4).

In a feasibility study,>'® patients undergoing AF
ablation underwent fusion of LA images ob-
tained from a multislice CT scan with an elec-
troanatomic mapping system using the Car-
toMerge™. A detailed electroanatomic map of
the LA was created first. The 3D CT image and the
electroanatomic map were displayed simultane-
ously on the CARTO screen. Using fluoroscopy
and intracardiac echocardiography guidance, a
landmark was then placed on the electroanatom-
ic map and on the CT image on the same spot.
Next, the surface registration algorithm was im-
plemented. This algorithm composed the best fit
of the two structures based on minimizing the
distance between the two landmarks and the
distance between all mapping points and the CT
image. Following this, it was shown that it was
feasible to perform registration guided therapy.

A main concern in this and prior studies was
that they assumed the transformation between
the CT or MR and the interventional system was
rigid in nature and thus did not take into account
cardiac motion errors.

Several recent studies have tested the accuracy
of CT-MR registration. Dong et al,® attached 2.3
mm CT fiducial markers to the epicardial surface
of each cardiac chamber in 9 mongrel dogs. CT
images were registered to the electroanatomic
maps of each cardiac chamber. To assess accu-
racy, targeted ablations were performed at each
of the fiducial markers guided only by the recon-
structed images. At autopsy, the position error
was 1.92+0.9 mm for the right atrium, and 1.8+1.0
mm for the LA. Retrospective analysis revealed
that a combination of landmark registration and
the target chamber surface registration resulted
in <3mm accuracy in all chambers.
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However, other clinical studies have shown sig-
nificant errors during registration using these
techniques. One study showed poor registra-
tion during inspiration but good alignment dur-
ing expiration." In a study by Fahmy et al®'*
patients underwent AF ablation guided by reg-
istration of images of the left atria created us-
ing CartoMerge™. Different fiducial landmarks
were selected and spatial accuracy was further
validated using intracardiac echocardiography.
Surface registration was then performed and its
impact on integration using the fiducial mark-
ers was assessed. The best landmark registration
was achieved when the posterior points on the
PVs were selected (5.6+3.2). Landmarks taken on
the anterior wall, the LAl appendage or the coro-
nary sinus resulted in greater registration error
(9.1+2.5). As opposed to the previous study, in
this study, surface registration resulted in shift-
ing of the initially registered landmarks leading
to a more significant level of error (from 5.6+3.2
to0 9.2+2.1 mm; 95% CI 4.2-3.05).

Another recent study measured the accuracy of
CartoMerge™ in guiding posterior LA ablation
2% In this study in 16 patients undergoing AF ab-
lation, CT images of the LA were merged with
CARTO. Encircling of the left and right PV ves-
tibules was then performed, guided solely by
intracardiac echocardiography, with point loca-
tions saved on a CartoMerge™ image to which
the operator was blinded. The accuracy of the
CartoMerge™ image was then assessed by mea-
suring the distance from the location of each ab-
lation point on the image to its actual anatomic
location. A significant error of 1.6+1.2 cm in the
right vestibule and 1.1+0.7 cm from the planned
path of ablation was observed (Fig.5). Accuracy
was improved when an end atrial contraction CT
image was used.

These reports suggest that these registration
techniques have inherent limitations. Use of ap-
propriate locations for fiducial points, cardiac
cycle location and respiration could potentially
help these approaches to registration.

Fluoroscopy-Based Registration
For low infrastructure and procedural costs, x-

ray fluoroscopy remains the standard catheter
navigation tool used in interventional laborato-
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ries. 3D-2D registration is much more complicated
than the 3D-3D registration described before.

Registration of MR using biplane fluoroscopy and
CT with single-plane fluoroscopy has been suc-
cessfully performed.”*? However, as only CT-flu-
oro integration has been tested in the context of AF
ablation, this section discusses recent advances in
fluoroscopy-based registration but focuses mainly
on studies involving registration of 3D-LA models
with 2D x-ray fluoroscopy.

X-ray-3D Catheter Model

In the study by Meyer et al,* a registration algo-
rithm was developed to register ultrasound-based
3D catheter coordinates, x1 as the fluoro view of the
catheter with the corresponding coordinates given
by the matrix x2. The study approximated the pro-
jection P, as described before, and then iteratively
solved for the rigid transformation T such that II
T ( x1)- x2 II was minimized. The study developed
an initialization routine for T which resulted in a
convergence of iterates in all the test cases. Four
methods of error were defined and the method
was tested using mathematical simulations and
a multi-catheter phantom. The study concluded
that use of a larger set of fiducial points along the
catheter, with a wide spatial distribution, yielded
registration results that were less sensitive to noise

in the entries of x1 and x2.

MRI-X-ray Registration

The study by Rhode et al** utilized a combined x-
ray and MR interventional suite which produces
both x-ray and MR images as separate outputs.
The transformation that registered MR to x-ray
images was presented as a product of point-based
rigid transformations between each distinct space
in the suite followed by a perspective projection
transformation. The transformations were deter-
mined sequentially using a calibration object with
> 6 markers forming the set of fiducial points.

The registration was tested on a phantom and on
post procedure patient images. A 2D target regis-
tration error was computed from the displacement
of the MR transformed from the actual marker po-
sition on the x-ray fluoro view, representing the
accuracy of registration. 3D target registration
error was computed from 3D displacements be-
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tween MR image markers and the reconstructed
3D positions of the markers on the x-ray image.
The 3D reconstruction was done from the biplane
x-ray images using the epipolar constraint. The 2D
error for in vitro tests was 4.2 mm and the 3D error
was 4.6 mm.

In the study by Ector et al,” cardiac MR images
were acquired in patients undergoing catheter
ablation. Detailed 3D models of the LA were ob-
tained. After contouring of endocardial cavities
with cross-checking of different imaging planes,
3D models of the right atrium were merged with
the contrast-filled right atrium seen on biplane
fluoroscopy using custom-built software. The fea-
sibility and accuracy of this merging process was
determined in heart cast experiments and using
electroanatomic mapping in patients. The report-
ed error on heart casts was 0.2 = 0.3 mm, and 1.9 to
2.5 mm in patients.

CT-X-ray Registration

Fluoroscopic images are conic projections, with
greater magnification of peripheral regions as
compared to central ones. In contrast, CT images
represent the synthesis of many x-ray projections
obtained circumferentially around the object, thus
essentially canceling the effect of this distortion.
Assuming that the patient is positioned in the
same position as when the CT scan was obtained,
the height of various cardiac structures with re-
spect to the table can be ascertained from the CT
scan. Fortunately, the theoretical scaling of struc-
tures at each height above the table position is also
well described with respect to the geometry of the
fluoroscopy system (i.e. source and image-inten-
sifier position). This information can then be used
to scale and transform the CT image to match the
fluoroscopic image space.

As fiducial selection (described in 3D to 3D im-
age registration) in each of the image spaces in-
troduces several challenges, we have instead used
a coronary sinus catheter positioned through the
superior vena cava as a fiducial marker and have
used a transformation to align the coronary sinus
catheter seen on fluoroscopy with the superior
vena cava and the coronary sinus in the exported
3D model. In addition, for the purpose of scaling,
the coronary sinus catheter is placed at a location

identified by the intersection of a horizontal plane
and the line joining the focal point of the fluoro-
scopic image. The horizontal plane is defined by
the elevation above the anatomical reference sys-
tem, the patient table. Once the location of the
catheter and the actual and apparent dimensions
of the elevation in the 3D model are known, the
actual size of the same anatomical structure in
the 3D and the fluoroscopic image can be deter-
mined. We recently described an implementation
of a semi automated 3D-2D CT-fluoroscopy regis-
tration strategy.® The accuracy of this system was
found to be within 1.4 mm in phantom studies.
This strategy was also assessed in patients under-
going AF ablation. Accurate registration was con-
firmed by: 1) PV angiography and 2) position and
recordings on a 64-pole basket catheter located in
the PVs. In a recent study®* patients with AF un-
dergoing ablation were randomized to standard
ablation techniques or ablation guided by the CT-
fluoro registered images. Fluoroscopy time and
total procedure time was significantly reduced in
the CT-fluoro group (p<0.01) and there was a trend
toward better outcome. It is also possible to mark
ablation points on these images and synchronize
the images to the cardiac cycle. This technique has
been used in 154 patients and should be available
for general use in the next 18 months.

As in the 3D-3D registration described before, the
largest source of error with the 3D-2D registration
strategy may be due to cardiac and respiratory
motion. The complex translational, rotational,
and conformational changes that occur with car-
diac and respiratory motion will introduce error
into the registration process when, as in 3D-3D
registration, a static image is “aligned” with the
real-time fluoroscopic image. Attempts at gating
the registration process so that image integration
occurred during the same phase of the cardiac cy-
cle were successful in experiments conducted in
our laboratory, thus fluoro images can be taken at
the same phase as the segmented CT images, i.e.,
during diastole . Movement of the LA during res-
piration could potentially be eliminated by syn-
chronizing registration to the respiratory cycle. In
addition to cardiac gating, we have been able to
take into account respiration gating and deposit
ablation points on the surface of registered images
as depicted in Figure 6.
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Ultrasound-Based Registration

Ultrasound-based registration has not been stud-
ied in detail, possibly due to difficulty in achiev-
ing automatic processing of these images in con-
junction with images from other modalities.

Registration of 3D ultrasound has been at-
tempted in the field of stress echocardiography*
where pre and post stress 3D ultrasound images
were temporarily aligned and then spatially reg-
istered by optimization of mutual information
between image voxel intensity sets, thus provid-
ing voxel intensity-based registration.

In the study by Packer et al,* data on 5 patients
was integrated from electroanatomic or non-
contact mapping, CT anatomy, and intracardiac
ultrasound. CT images of the LA were created.
Ultrasound images of the PVs were generated
using intracardiac, phased-array ultrasound
with imaging at 5.5-10.0 MHz. A fused, CT ultra-
sound activation sequence was then constructed
from an image set. On this framework, electro-
anatomic or noncontact mapping was demon-
strated.

MR-Based Registration and Navigation

In a recent study, an electromagnetic catheter po-
sitioning system was superimposed on 3D MR
images using fiducial markers.36]. This allowed
display of the catheter position on the anatomy
obtained using the MR images in real time. In
phantom models, the accuracy was 1.11+0.06
mm. Subsequently, in the swine model, in vivo
accuracy was 2.74+0.52mm. Radiofrequency le-
sions were repeated in the right atrium within
an accuracy of 3.92 £0.5 mm. This study suggests
that ablation can be performed on the real-time
images obtained using MR images. MR compat-
ible catheters and the absence of 3D images may
be some of the limitations which will need to be
overcome.

Sources of Registration Error

The registration techniques described above
afford a significant advantage over the less de-
tailed geometry created by the currently avail-
able mapping systems, however, there are sig-
nificant inherent limitations, as registration
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algorithms that assume rigid transformations be-
tween image spaces have been applied in many of
these techniques. As described before, the initial fi-
ducial points are picked up by the operator using
fluoroscopy; the exact location of these points in the
3D space may be deceptive. As multiple points are
needed for surface registration, the process takes
more time, the manual component becomes more
laborious. Given the dynamic motion of the heart
and the large number of variables that influence
its movement and shape, careful validation of any
technique used for cardiac image registration is im-
portant.

This section explores the unique sources of error
that make cardiac image registration challenging.
An understanding of the potential errors inherent
in the registration technique is essential to create
error-free registration.

Errors common to intermodal registration

In the registration algorithms, the voxel and pixel
dimensions have to be accurately reported by the
imaging system. CT imaging systems, for example,
often produce images where the thickness of re-
constructed 2D slides are different from the voxel
height and width, due to the somewhat limited res-
olution capabilities of the system along the z axis.

In 3D to 3D registration, this limited resolution ca-
pability has been shown to cause anisotropic error
measurement in three dimensions, with the error
echoing the reported voxel dimensions.”” A sub
pixel/voxel measurement could eliminate these
errors. Standardizing the size of images involves
approximate measurements which can potentially
introduce errors into the registration process. Since
the actual position and size of the heart may not be
known, approximate measurements of the expect-
ed distances and heights is sometimes used.” The
ratios of the actual versus the apparent diameters
of ablation catheters in the registered image can be
considered to help determine scale.

As described before, the x-ray image is a conic pro-
jection with greater magnification present in the
peripheral regions of the image than in the central
region. The 3D CT image, on the other hand, does
not have this nonisotropic magnification. Thus, if
error is present in the computation of scale, its ef-
fect would be amplified throughout the registration
process.

Fiducial Point/Feature Selection Location of fiducial
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points needs to be accurate. However, as these
points are usually taken using 2D fluoroscopy,
there are inherent limitations in using fiducial
points selected based on fluoroscopy alone. As
demonstrated in the prior study,” fiducial points
taken in posterior PV locations seem to give the
best registration results. It is also important to
take at least 3 non collinear points to get the best
results. As discussed before, resolution differ-
ences also exist between CT and other 3D or 2D
images.

i Manual interaction is needed for feature seg-
mentation or point localization, which can be
associated with the well-documented fiducial
localization error.” Some choices of cost and
optimization functions are more sensitive to ac-
curacy of fiducial points. Registration based on
alignment of features that may not represent
identical regions is thus a potential source of er-
ror.

Studies have shown that accuracy is sensitive to
the potential accuracy of spatial distribution of
fiducial points. Wide asymmetric distribution of
fiducial points produces more accurate registra-
tion. Similarly, regarding the selection of fiducial
features, registration based solely on alignment
of features that may not represent identical re-
gions is also a potential source of error.

Errors Specific to Cardiac Image Registra-
tion

In addition to the errors described before, the
possible sources of error specific to cardiac im-
age registration are: 1) inconsistency in patient
positioning, 2) cardiac gating during CT acqui-
sition, 3) cardiac chamber movement in various
stages of the cardiac cycle, and 4) cardiac cham-
ber movement due to respiration.

Patient Alignment

Efforts should be made to align the patient iden-
tically on each imaging table to help ensure same
orientation during both imaging modalities.
Some variability in patient alignment and pos-
ture” can result in a corresponding variability in
the orientation of the imaged cardiac chamber.

Factors that influence this variability include differ-
ences in imaging table surfaces, such as curvature
and cushioning. Additionally, it is impossible to
guarantee that the patient is in exactly the same po-
sition since there is usually a significant time-lapse
between acquisitions.

The orientation of the cardiac chamber changes
with the orientation of the body. For this reason,
this type of interscan movement can be described
as a rigid body rotation of the heart with the spine.
A change in the interscan angle of 5 degrees, for ex-
ample, may give a rotational error of 0.44 cm in a 5
cm organ with a field-of-view of about 20 cm. Thus
it is important that any changes in interscan imag-
ing are taken into account and minimized.

Cardiac and Respiration Gating

In addition to interscan movement resulting in dif-
ferent orientations of the imaged chamber, move-
ment of the object between the same acquisitions
can cause errors, as it is not possible to physically
arrest the heart. In the cardiac chamber, this issue is
amplified several-fold due to continuity and extent
of movement of the heart. The cardiac deformities
caused by non rigid cardiac motion have been bro-
ken down into as many as nine different modes.

Correction for some of these problems during the
CT gating technique® involves the patient holding
breath for several heartbeats while 2D axial slices
are sequentially obtained at fixed points of the car-
diac cycle. These slices are stacked together and in-
terpolated to create a smooth, static 3D CT image.
Although the likelihood that the heart returns to
a fixed shape at fixed points of the cardiac cycle is
questionable, due to the variability in cardiac defor-
mation,®'t is important that both the CT and the sec-
ond image are ECG-gated to eliminate, as much as
possible, errors due to cardiac motion. In the studies
done in our lab, it was shown that the best images
of the LA were obtained during segmentation of the
LA at 75% of the cardiac cycle in sinus rhythm or at
45% during AF due to shorter R-R intervals.

Given the proximity of the heart to the diaphragm
and given that the displacement of the diaphragm
occurs in the direction of the heart, the effects of
respiration are expected to be more pronounced.
McLeish et al* have determined that translations
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in the craniocaudal direction are the main types of
movement seen in the cardiac chamber due to res-
piration. Less significant movements include trans-
lation and rotation in other directions. Noseworthy
et al* used MR angiography of the reconstructed
LA and PVs at both end-expiration and end-inspi-
ration. Their quantitative assessment of 3D images
during respiratory phases revealed splaying of the
PVs and reduction in the size of PV caliber in the
right-sided PVs during held-inspiration. CT scan-
ning can be done both during inspiration and now,
due to rapid scanning techniques, during expira-
tion. There is evidence based upon prior studies
that respiration gating during expiration may be
optimal.

The above findings do suggest that the effects of
respiration need to be considered as their effect on
target registration error may be amplified through
the steps of the registration process.

Validation Strategies for Registration

Knowledge of the various sources of error is thus
key to establishment of a gold standard since these
errors will have to be accounted for in the simula-
tion. An allowance for cardiac movement and res-
piration must be incorporated into the overall strat-
egy, distinguishing cardiac image registration from
other registration processes involving more static
organs and structures. This could be accomplished
either by distinguishing each component of a move-
ment and introducing them into the simulation in
combination or treating the movement as a single
random process at a fixed point of the cardiac cycle.
Animal studies can then be undertaken to complete
the validation process.

Conclusions

Inadequate depiction of cardiac anatomy hinders
the widespread application of fluoroscopy for AF
ablation. Image registration involves correspon-
dence between two images or an image and a physi-
cal space and provides a means for physicians to in-
corporate into a single view the varied information
captured by different modalities which can then
be used for the purpose of interventional planning
and treatment. The deformations caused by cardiac
chamber and respiration motion present unique

problems for cardiac image registration. Al-
though significant work has been done in the
field of cardiac imaging, there is much room
for the development of validation strategies
for cardiac image registration. It is important
that the issue of patient-specific movement of
the cardiac chamber be quantified in evaluat-
ing registration algorithms. Proper application
of the registration process, with careful adjust-
ment for the constraints mentioned and use
of the power of the computer to automate the
process can greatly improve and simplify this
technique.
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Abstract

Atrial fibrillation (AF) and sick sinus syndrome (SSS) are two conditions that frequently coexist. Despite
a wealth of available knowledge, the link between these two entities is poorly understood. Whether AF
is a harbinger of SSS or whether SSS predisposes to AF has been the subject of much debate. AF results
in sinus node remodeling on a cellular and molecular basis that may promote SSS. However, not all
patients with atrial fibrillation have SSS. Though “AF begets AF”, AF may also beget SSS; and SSS may
also beget AF. Multiple studies have demonstrated that sinus node dysfunction may precede the onset
of AF. This review will focus on alterations to sinus node structure and function, overdrive suppression,
ion channel remodeling, and transient myocardial ischemia as possible mechanisms associated with AF
induced SSS. In addition, we will review evidence suggesting that SSS, characterized by a combination
of atrial extrasystoles, dispersion of excitability recovery and sinus node ischemia, may lead to AF. Ad-
ditional factors common to both conditions such as aging and interstitial atrial fibrosis, may explain their
coexistence. All this raises many therapeutic challenges associated with the interplay of AF and SSS.

Introduction can have coexisting AF either the effect of SND on
atria via various mechanisms or via the underly-

A connection between Sick Sinus Syndrome (SSS) ~ ing disease of the atria. SND is frequently associ-

and atrial fibrillation (AF) has been recognized in ~ ated with AF, forming the basis of the “tachycar-

the literature as early as 1960 and is well described ~ dia-bradycardia syndrome.”

by Irené Ferrer! in her early classic book on SSS.

In this article we will review the evidence sup- ~ AF definition/etiology

porting AF inducing SND. In addition we will

explore the evidence supporting the notion that ~ The mechanisms that give rise to AF, whether

SND causes and promotes the developmentof AF.  paroxysmal or chronic have been investigated by
many, yet there is still no consensus on many of

SSS definition/etiology: the physiologic, structural, mechanical or electri-

cal etiologies of AF. Disease of the SN has been
The term SSS was coined by Ferrer in 1968 who implicated as one of the many underlying causes
grouped together all the anatomic etiologies of of AF. Table 2. The conceptual framework for un-
sinus node disease (SND).! Tablel. We will ex- derstanding AF mechanisms has its groundwork
plore how some patients with underlying SND in ideas developed in early twentieth century.’ The
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concept of the “wavelength of re-entry” devel-
oped by Allessie et al emphasized the notion of
the size of the wavelength on functional re-entry
in his “leading circle” hypothesis.* This work ex-
perimentally confirmed the hypothesis of Moe et
al. of the role of multiple re-entrant wavelets in
the perpetuation of AF in animal models.” Other
theories such as “focal source hypothesis” and
“sustained re-entry”®’ have also been validated.
A role for pulmonary veins drew attention when
Haissaguerre et al. reported that rapid activations
in the pulmonary veins may be triggering AF.®
Electrical remodeling is believed to be a central
point in perpetuation of AF.

How does SND cause AF?
Atrial extrasystoles:

Our knowledge of the formation of AF is far from
complete, but work by Hudson and Laippestad
in the early 1960’s suggested that damage to the
sino-atrial

(SA) node was an important factor.”’® When the
sinus impulse formation is depressed in the pres-
ence of SND, an atrial extrasystole may occur dur-
ing the slow atrial cycle. Most atrial extrasystoles
are followed by a compensatory pause.If there is
SND, the pause may be prolonged, allowing other
atrial “escape” foci to fire. As stated by Ferrer: “If
a dominant pacemaker ceases its activity, or slows
its rate below that of a lower pacemaker, the lat-
ter will escape and control the cardiac rhythm.”
I In a substrate such as dilated or ischemic atria,
any slowing of the SN, either via compensatory
pause from extrasystoles or failure of sinus im-

Table 1 Some Causes of Sinus Node Dysfunction.

pulse formation, will allow sufficient time for
multiple atrial foci to mature and fire. Since the
foci are coming from an irritated atrial tissue, they
may form frequent, multifocal, or “chaotic” atrial
rhythms that frequently herald AF."' Early works
by Killip and Bennet have shown that in some pa-
tients atrial extrasystoles are critical to the initia-
tion of AF and AFL."?>"3

Re-entry:

SND also may facilitate re-entry. In an atrium with
SND early premature impulses originate from ar-
eas other than SN. Spach demonstrated regional
differences of repolarization in the atrium."* He
noted that the duration of the longest atrial action
potential (ADP) occurs in the area of the SN, with
stepwise decrease in ADP as the distance from SN
increases. Thus, impulses originating from sites
other than the SN lose the protective effect of the
long action potential and may result in conduction
block and re-entry."* Whether from a single circuit
or multiple circuits, re-entry has been a dominant
conceptual model of AF.3

Re-entry is also facilitated by an increase in the dis-
persion of excitability recovery during sinus bra-
dycardia as reported by Han."” According to Han,
AF results from non-uniform recovery of excit-
ability." AF may occur whenever there is disper-
sion of atrial refractoriness. Bradycardia further
increases the dispersion of canine atrial refractori-
ness.”” A study by Luck et al. confirms that pro-
longed non-uniform refractoriness and increased
dispersion of refractoriness are features of SND
in humans."” Unfortunately, these features persist
even during atrial pacing, reflecting intrinsic atrial

Some Causes of Sinus Node Dysfunction

Underlying Heart Disease

Other Predisposing Factors

Reversible Causes

Coronary artery disease Friedreich’s ataxia Atrial Fibrillation

Ischemic sino-atrial disease Muscular Dystrophy Atrial Flutter

Rheumatic heart disease Collagen Disease Acute Ischemia

Dilated cardiomyopathy Amyloidosis Pericarditis

Restrictive cardiomyopathy Hemochromatosis Myocarditis
Familial sinoatrial disease

Hypertrophic cardiomyopathy Muscular Dystrophy Pneumonia
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disease and possibly explaining why atrial pacing
is relatively ineffective at preventing AF. 7

SN ischemia:

Ischemic damage to the SA node alone, with no
other atrial wall disturbances such as fibrosis,
stretch or muscle loss may result in chronic atrial
fibrillation (CAF). In a pathologic analysis of hearts
with chronic and short-term AF, Davies noted that
stenosis in the sinus nodal artery was common in
patients with CAF."” In a study of post CABG pa-
tients with AF and sinus rhythm (SR) angiograms
showed SA nodal artery disease in 9 out of 25."

Overall, a combination of atrial extrasystoles,
shorter atrial ADP, dispersion of excitability recov-

ery and ischemia to the SN itself are mechanisms
by which SND may cause and promote AF.

Does AF cause SND?

Many have speculated on the concept that AF it-

self may alter a normal SN or promote preexisting
SND. The concept of one pacemaker dominating
the cardiac rhythm of the atria comes into play
where AF is believed to shut down the SN by long
term overdrive suppression of its activity. Hocini
et al. found that patients with PAF and prolonged
sinus pauses (>3sec), had improved SN function
after ablation. Sinus pauses were thought to be due
to long-term suppression of SN activity.*® Turitto
reported a series of patients that demonstrated
atrial standstill for up to 12 hours following abla-
tion of long-standing AFL and AF.* These findings
suggest functional depression of sino-atrial activ-
ity. In 2/3 patients, depression was permanent and
a pacemaker was needed. In contrast, Palma et al.
noted to return to normal sinus function one day
following ablation of chronic (25 years) atrial flut-
ter.” Prolonged suppression of sino-atrial activity
can be attributed to both molecular and cellular
mechanisms. Electrical remodeling and AF in-
duced changes in atrial substrate work in concert
to alter SN function.

Figure 1: Prolonged asystole following cardioversion, followed by resumption of sinus rhythm. AFL: atrial flutter. DCCV: di-

rect current cardioversion. NSR: normal sinus rhythm.
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Atrial Electrical Remodeling

Calcium:

Electrical remodeling can be largely attributed to
intracytoplasmic calcium overload within atrial
myocytes.? Upon initiation of AF, intracellular cal-
cium increases and results in subsequent down-
regulation of inward calcium channel current and
calcium channel alpha subunit production. Re-
duced inward calcium current during this electri-
cal remodeling of the atrium also reduces SN im-
pulse formation.*?* Ischemia and calcium: Many
studies have shown that AF can produce transient
myocardial ischemia. In a study by Knoll et al. on
myocyte nuclei of ischemic hearts, increased tran-
scriptional activity for sarcoplasmic Ca2+ ATPase,
resulted in decreased cytoplasmic Ca2+ concentra-
tion, which in turn shortened the ADP.?

3 had partial recovery, and 3 had no recovery of
diaphragmatic function.

Atrial rate effects:

SAF results in a tenfold increase in atrial rate, ini-
tially increasing cellular Ca2+loading.* This threat-
ens cell viability which triggers down regulation of
the ICa channel, ultimately decreasing cytoplas-
mic Ca2+ concentration thereby promoting AF by
decreasing the atrial effective refractory period
(AERP) and negatively affecting SN impulse for-
mation.> Marked reductions in the densities of ICa

Table 2 | Causes of Atrial Fibrillation.

channel, transient outward K+ current, (Ito) and
ultra rapid delayed rectifier K+ current (Ikur) in
atrial myocytes from patients in CAF were found
in a study by Wagoner.?® These changes appear to
be caused by a reduction in mRNA concentration
of the respective channel alpha-subunits®” and re-
duction of L-type Ca2+ channel, SR, Ca2+ ATPase
mRNA levels in patients with established AF.*

SN Electrical Remodeling

BSN electrical remodeling was demonstrated in a
dog model using chronic pacing to maintain AF
by Elvan and Zipes.” In this model, 15 dogs were
rapidly paced either in the ventricle or atrium for
2-6 weeks. As compared to controls, dogs with
rapid atrial pacing were noted to have prolonga-
tion of P wave duration and sinus node recovery
times (SNRT), indicating slowed conduction and
depressed SN activity. In addition, shortening of
AERP and reduced intrinsic heart rate were not-
ed. These changes in the SN promote AF.Further,
the duration of inducible AF was increased with
atrial pacing compared with control dogs, and
those paced only in the ventricle. Perhaps unex-
pectedly, the duration of AERPs became indepen-
dent of basic drive cycle length. These findings
suggest the existence of atrial memory in these
models. We will revisit this concept later in this
review. Suppression of SN function following
initiation and maintenance of AF supports the no-
tion that AF begets SND.

Causes of Atrial Fibrillation

Underlying Heart Disease

Other Predisposing Factors

Reversible Causes

Coronary artery disease Hyperthyroidism ETOH intake
Valvular rheumatic disease Genetic/Familial Electrocution
Hypertensive heart disease Bronchopulmonary disease Surgery

Dilated cardiomyopathy
Hypertrophic cardiomyopathy

Restrictive cardiomyopathy

Atrial ischemia

None (“Lone AF”)

Diabetes
Congestive Heart Failure

Familial sinoatrial disease
Muscular Dystrophy

Increased left atrial size

Autonomic nervous system

Myocardial Infarction

Pericarditis
Pneumonia
Myocarditis

Drug-electrolyte

abnormalities
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There is a wealth of evidence supporting the idea
that AF temporarily or permanently affects SN
activity.On a short term basis, prolongation of
SNRT has been demonstrated following over-
drive atrial pacing and has been attributed to the
interaction between sino-atrial conduction and
recovery of automaticity.’*®*' Hadian et al. dem-
onstrated SNRT prolongation occurring with
10-15 minutes of rapid atrial pacing, consistent
with early SN electrical remodeling.*> Patients
with CAF who undergo cardioversion, have
an increased prevalence of SND. Such patients
were noted to have prolonged SNRTs and de-
layed intra-atrial conduction times, showing that
prevalence of at least temporary sinus nodal dys-
function was high in these patients.” In addition,
early recurrence of AF is frequently observed.*

AF is also associated with significant atrial struc-
tural changes.Atrial enlargement in CAF can
cause structural changes to the SN affecting its
activity. Increased atrial size combined with rap-
id heart rates predispose to atrial ischemia and
further SND.»*?%* Rapid ventricular rates during
periods of AF may cause transient hemodynamic
changes, in turn affecting sympathetic tone. El-
van and Zipes suggest that since AF leads to an
increased sympathetic tone ,” it in turn affects
SN function, since autonomic tone is a major fac-
tor in regulation of sino-atrial conduction and SN
automaticity.”” ¥ ¥ Ischemia, stretch, increased
atrial mass and changes in autonomic tone are
associated with interstitial fibrosis, connexin dis-
array, cellular damage and apoptosis of atrial
tissue.?>* Qverall, AF can alter the structure and
function of the SN via overdrive suppression, ion

Table 3 Four Time Domains*.

channel remodeling, cellular remodeling, transient
myocardial ischemia, atrial enlargement and in-
creased sympathetic tone.

CAF and PAF affect sinus nodal function dif-
ferently

Remodeling;:

Electrical remodeling of the atrium and SN may
result from prolonged changes in atrial rate.> The
“Four Time Domains in Adaptation to Heart Rate”
proposed by Alessie represent the different adap-
tative processes by the atria in response to chang-
es in heart rate.* Table 3. This simplified scheme
describes various levels or remodeling that occur
between short term (metabolic- i.e. ion concentra-
tions) and very-long-term (years — i.e. anatomical
remodeling, fibrosis and muscle loss) changes to
atrial substrate. These time domains help to eluci-
date pathophysiological differences between atria
with PAF and CAF.

Alessie prefers to avoid the term “remodeling” re-
lated to short-lived metabolic or electrical changes,
and reserves “remodeling” for changes that occur
after a period of time when there are changes to
structure, cells and ion channels.* Others use the
term “electrical remodeling” for changes that do
not (yet) include structural changes. 304142

CAF:

Autopsy studies have revealed significant changes
to atrial structure in patients with CAF consistent

Causes of Atrial Fibrillation

Short term changes — metabolic
(lasts seconds — minutes)

Moderate-term changes expression
(via electrical remodeling synthesis,
hours to days)

Long term —contractile Myocardium remodeling
(weeks)

Very long term — anatomical Remodeling (months-years)

Increased/decreased ion concentrations

Increased/decreased ion pump activity
Changes in ion channel gene
Increased/decreased protein

assembly

Hibernating myocardium (reversible damage)

Structural damage to myocardium (irreversible damage
mostly) (scarring, fibrosis, fatty infiltration)
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with those described in Alessie’s fourth time do-
main. In a study by Davies, where the hearts of
100 deceased patients with AF were examined,
clear pathologic differences between chronic and
short-term AF were found* Out of 74 patients
with chronic AF 54 had SA node muscle loss.
This was in contrast to patients with short-term
AF where no muscle loss or damage to the SN,
was noted.* Thus, in chronic AF, remodeling of
the SN occurs at many different levels; altered ion
channel gene expression, * irreversible structur-
al damage via atrial stretch with increased atrial
volume,®*# and direct damage to the SN via
increased metabolic demand accompanied by re-
duced coronary reserve to the SA nodal artery. *

PAF:

Paroxysmal AF has also been implicated as a
cause of SN electrical remodeling. In a study by
Hadian et al., short-term rapid atrial pacing sig-
nificantly prolonged sino-atrial conduction time
(SACT) and corrected SNRT.* A study by Goette
et al demonstrated decreased AERP within 30
minutes of rapid pacing without atrial stretch.
“AF can decrease AERP after ten minutes.*”” De-
creases in AERP promote AF by decreasing the
reentrant circuit wavelength (wavelength =AERP
x CV (conduction velocity)), allowing the atria to
accommodate a larger number of functional re-
entry circuits.> These findings were confirmed
by Yue et al who noted a decrease in L-type Ca?
current and Ca?-independent transient outward
current (Ito) in the atria during rapid atrial pac-
ing.**Such short term changes in outward calcium
current decrease atrial refractoriness and further
promote AF.Dynamic decreases in atrial refrac-
toriness were observed in all patients with PAF
suggesting that electrical remodeling developed
regardless of baseline AERPs.* These short term
changes fall into Time Domains 1 and 2, and may
be reversible over a short period of time.

Atrial memory and short term atrial electri-
cal remodeling,.

Memory has been described as a “specialized form
of remodeling...induced by a preceding period of
altered electrical activation.” * One would then
expect AF or rapid atrial pacing to induce atrial
memory effects. In a study by Morillo, sustained
AF could not be induced by electrical stimulation
in dogs at baseline.* After rapid pacing (400 bpm)

for 6 weeks, AF was readily inducible by 1-3 extra-
stimuli.These findings suggest that atrial memory
or atrial electrical remodeling predispose to AF. *
Duration of inducible AF was increased in paced
dogs, while AERPs became independent of the
basic drive cycle length.*” Left atrial (LA) pacing
in mongrel dogs was associated with a decreased
atrial gradient (the root mean square of three
P-Ta voltage time integrals) and with occurrence
of atrial tachycardias during pacing, that persist-
ed during recovery from pacing.”® This suggests
that altering the atrial activation sequence induc-
es atrial memory, without altering the AERP. In
another study by Herweg et al. displacement of
the atrial gradient vector occurred during recov-
ery from LA pacing, was more marked at rapid
pacing rates, and manifested accumulation and
resolution consistent with atrial cardiac memory.
! Changes observed during recovery from LA
pacing appeared to affect repolarization primar-
ily and were expressed electrographically as an
altered P-Ta voltage-time integral.> As stated by
Goyal, changes in repolarizing currents and AP
durations are elements of atrial memory.”> Af-
ter electrical or drug cardioversion, AF vulner-
ability remains high, with single premature beats
re-inducing drug-cardioverted AF and frequent
recurrence for 1-2 days after electrical cardiover-
sion. > These observations of AF recurrence after
cardioversion or short term pacing of the LA are
all suggestive of atrial memory. Still, others doubt
that atrial memory has been demonstrated, look-
ing at AERP changes rather than P-Ta voltage-
time integrals.”®

Sinus node recovery: is it influenced by the
duration of AF, reversible with arrhythmia
termination, or doomed from the start of ar-
rythmia?

While electrical remodeling has been shown to oc-
cur in both CAF and PAF, the SN has been studied
forits propensity for reverse electrical remodeling.
The duration of AF is an important predictor of the
restoration of sinus rhythm by direct cardiover-
sion.”® Differences between SN electrical remodel-
ing in chronic versus paroxysmal atrial fibrillation
have been studied. In one paper, comparing pa-
tients undergoing left atrial catheter ablation for
CAF and PAF, CAF was associated with slower
reverse electrical remodeling** Patients with PAF
had shorter AERPs following AF termination as
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compared to baseline. In this patient group AERP
returned to baseline within five minutes. In pa-
tients with CAF, both AERP’s and SNRT's were
shortened, but it took up to three weeks to return
to baseline duration.*” Another study by Raitt et al.
noted that AERP varies significantly at the lateral
right atrium, as compared to the proximal and dis-
tal coronary sinus.” They concluded that electrical
remodeling occurs at different rates in different
regions of the atrium, which could be a possible
trigger for future atrial arrhythmia.”

WAforementioned studies on canine atrial mem-
ory also noted differential findings between the
left and right atria and demonstrated “memory”
of atrial arrhythmia in the left atrium only. Also, it
may be interpreted that the SN may be more likely
to recover, as a RA structure, with less atrial mem-
ory/remodeling present than the LA. These find-
ings may also explain why the left atrium is the
major focus of catheter ablation in patients with
recurrent AF. In a study by Hocini et al twenty
patients with PAF and prolonged sinus pauses (>3
seconds) were ablated and resulted in significant
reverse remodeling of SN function with increase
in heart rate, heart rate range, maximal heart rate
and decreased SNRT.* The extent of damage to
the SN, whether from ischemia or chronic atrial ar-
rhythmia may determine its reversibility of func-
tion. A study by Waris et al. showed that if the SN
has sustained only partial damage to its structure,
it is more likely to recover after DC cardioversion
even after years of AF.%®

In another study by Daoud et al., progressive re-
covery of SNRT and P wave amplitude T were
observed in patients with chronic AF only after
14 days and much more after 3 months post abla-
tion.*” For some individuals, duration of AF/AFL
may not be critical: in a case report by Palma et
al. SN function was noted to return to normal one
day following ablation of chronic (25 years) atrial
flutter.? Finally, recovery of SN function has been
demonstrated in patients with CAF following the
surgical maze procedure, where SND disappeared
after 12 months® and SN response to exercise re-
turned after 6 months after Maze procedure.®
The recovery of SN function again raises “chicken
or the egg” questions. Is the SN more likely to re-
cover if it was not damaged prior to the arrhyth-
mia? Given that some AF terminations reveal SN

dysfunction, can it be that AF developed as a “res-
cue” mechanism to SND and by terminating the
AF, the underlying SN disease is now uncovered?
We have seen that SN function normalizes in some
patients after years of AF, so AF does not always
cause lasting damage to the SN. Yet in others atrial
enlargement in CAF causes irreversible structural
changes to the SN.

Clinical Correlations

Studies of electrical remodeling and cardiac mem-
ory help to elucidate the relationship between AF
and SSS. However more information is required
to understand the link between these two entities.
Evidence reviewed above supports the notion that
AF results in SN remodeling on a cellular and
molecular basis and may cause SND.? 3236 40, 41
However not all patients with AF have SSS, and
many present with SSS prior to developing AF.
Animal models of SSS clearly demonstrate that
SND can presage the onset of AF. [61] Ultimately,
factors common to both conditions such as aging
and interstitial atrial fibrosis, may explain their co-
existence.

Treatment of patients presenting with both AF
and SSS (tachycardia-bradycardia syndrome) is
particularly challenging. One can divide patients
into three main groups: 1) patients with AF and
reversible SND; 2) patients with AF and perma-
nent SND requiring pacemaker implantation, and
3) patients with AF who have reversible SND but
are not candidates for rhythm control therapy.
Patients with permanent SSS will clearly benefit
from pacemaker (PPM) implantation and medi-
cal therapy. The difficult task will be predicting
which patients have “permanent” SSS following
eradication of AF.

Our review raises many unanswered questions
that relate to patient management.

Conclusions:

1.Sinus node dysfunction in atrial fibrillation:
cause or effect? Chicken or egg? Can be both or
either.

2.Could it be that SND gives rise to PAF, and then
via process of electrical remodeling or atrial mem-
ory, PAF promotes itself to CAF and in turn wors-
ens the SN function? AF begets AF? Yes!
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3.Could the two processes be coexistent, since
many of the structural abnormalities and etiolo-
gies of both are similar? Yes!

4.Could AF be the rescue mechanism of SN after
all? Yes!

5.Can management of one worsen the other?
(maze, ablations that worsen SN function, antiar-
rhythmic medications, and pacemakers that may
induce AF?). Yes!
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Introduction

Cigarette smoking is a common health issue
throughout the world. It can cause the develop-
ment of various major diseases, such as chronic
obstructive pulmonary disease (COPD),! most
cardiovascular diseases and many types of cancer.
Thus, people with a tobacco habit can produce
devastating health consequences for themselves.
At present, there are about five million people
that die annually, which can be attributed to ciga-
rette smoking, and half of those deaths, which are
mortalities from smoking, always occur in middle
age.” Therefore, how to reduce cigarette smoking
remains the most important work to avoid the
causes of health disabilities and premature death.

Cardiopulmonary Effect of Smoking

It is well known that smoking is an important risk
factor for chronic bronchitis, COPD?® and can ac-
celerate the decline in the pulmonary function.*
The incidence of atrial flutter (AFL) increased 1.9
times in those with COPD.’ On the other hand;
many studies have well established the evidence
of smoking’s effect on coronary risk. Smoking,
even at a light level, can have a major impact on
coronary and peripheral vascular disease.® Ciga-
rette smoke is a complex mixture containing sev-
eral ingredients that have the adverse effects of
accelerating atherosclerotic progression and ath-

erothrombosis, by increasing the platelet adhesive-
ness’ and serum fibrinogen levels,® and decreasing
the high density lipoprotein cholesterol levels.” It
also increases the heart rate, blood pressure, sym-
pathetic tone and consumption of oxygen by the
heart muscle. When a healthy person smokes a
cigarette, the coronary blood flow must increase
to meet the increased demand.'’ In the presence of
coronary-artery stenosis, the coronary flow can not
increase and ischemia may develop, with resultant
angina pectoris or myocardial dysfunction.''* Re-
cently, Barua RS, et al. demonstrated that smoking
could cause dysfunction of the nitric oxide biosyn-
thesis in endothelium cells by oxdative stress’ and
that mechanism may further impair the endotheli-
um-dependent coronary artery dilatation capabil-
ity and reduce the myocardial oxygen supply.

Smoking and Cardiac Arrhythmias

Nicotine may be a precipitating factor of cardiac
arrhythmias due to a marked elevation in the se-
rum catecholamine concentration, heart rate, and
blood pressure; production of coronary spasms;
and increased myocardial oxygen consumption
with a reduction in the myocardial oxygen sup-
ply."** Cigarette consumption is directly related
to increased rates of sudden cardiac death (SCD),
mainly through its direct toxic effects. Recently,
the impact of the smoking status on SCD was stud-
ied in patients with established coronary artery
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disease (CAD)."” In that study, current cigarette
smoking was a powerful independent predictor
of the SCD risk and those that quit smoking ex-
perienced a significant reduction in the SCD risk.
Other studies, such as The CAST experience'®also
had the same results, which showed a marked re-
duction in arrhythmic death and overall mortality
with the cessation of smoking.

In 1997, Mehta et al. reported that high levels of
serum nicotine may be a possible cause of cardiac
arrhythmias in dogs with a dose-dependent ar-
rhythmogenicity.”” There were only three sporadic
case reports in humans'* and suggested that high
serum nicotine levels at the time the patient de-
veloped his first episode of atrial fibrillation may
have had a causal relationship. Recently, one sub-
study of the Multicenter Automatic Defibrillator
Implantation Trial-II revealed continued cigarette
smoking was associated with an increased risk of
rapid supraventricular arrhythmias.?! Other stud-
ies have shown that nicotine administration could
produce action potential alterations that could pre-
dispose to decremental conduction and hence, to a
conduction disturbance.?? Nicotine administration,
in addition, can also enhance the automaticity. A
combination of enhanced automaticity with a si-
multaneous depression of the conduction favors
the initiation of a number of arrhythmias. A previ-
ous study demonstrated that chronic exposure to
nicotine promotes the occurrence of atrial flutter
(AFL) in dogs with a myocardial infarction (MI).*
They also found a nicotine-induced increase in the
atrial interstitial fibrosis in dogs with an MI. The
occurrence of increased atrial interstitial fibrosis
and a flattened electrical restitution are important
substrates for AFL.

Impact of Smoking on Atrial Substrates

Our previous study and other investigators have
demonstrated a wide area of low voltage zones
(LVZs) in patients with atrial fibrillation (AF) and
AFL.*% Previous studies have found that the pro-
longed administration of nicotine was associated
with a loss of intracellular K+ and the new appear-
ance of cardiac necrosis.*® So, smoking may theo-
retically change the substrate properties causing
an attenuation of the atrial voltage and perpetuate
the atrial tachycardia, especially in patients with
typical AFL. This concept had been proven in an-
imal study by Chen PS et al. who reported nico-

tine could increase the atrial interstitial fibrosis in
dogs with a myocardial infarction.” In humans,
one recent report had demonstrated that cigarette
smoking contributed to the development of atrial
fibrosis via nicotine in patients with CAD.” Pre-
vious studies had shown that atrial fibrosis can
provide an arrhythmogenic substrate, which may
increase the likelihood of the occurrence of atrial
arrhythmias. Our group first reported the impact
of smoking on the right and left atrial (RA, LA)
substrates.” We found that the mean peak-to-peak
bipolar voltage of the RA was lower in the patients
with a previous history of smoking than in those
without a history of smoking, but there was a simi-
lar mean peak-to-peak bipolar voltage in the LA.
Further, the total activation time of the RA was
longer in the patients with a previous history of
smoking, than in those without a history of smok-
ing, but that was not the case in the LA. Further-
more, the voltage reduction in the RA was related
to the smoking intensity-duration in the patients
with a history of smoking. In contrast to the mean
peak-to-peak voltage, the voltage reduction in the
LA was weakly correlated to the smoking intensi-
ty-duration.

Clinical Implications concerning the Man-
agement of AF

Several studies have clearly demonstrated that
the atrial substrate is an important factor for
perpetuating atrial arrhythmias.**** Substrate
changes themselves may increase the difficulty
in successfully terminating AF during radiofre-
quency catheter ablation. Thus, more delicate
procedures during AF ablation may be needed
in patients that smoke and have large substrate
changes. Second, continuing smoking has been
proven to be an important risk factor for increas-
ing SCD"™*and tachyarrhythmias in patients with
implantable cardiovector defibrillators. Therefore,
cessation of smoking should be encouraged in
patient with AF, no matter whether they receive
an invasive procedure to treat their AF or not.

Conclusion

Cigarette smoking can change the atrial substrate
with a dose dependent effect, especially in the RA
and that substrate change may perpetuate atrial
tachyarrhythmias. However, the risk of smoking
in patients with AF was low, as reported in the
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Framingham Heart Study.” Thus, the causal re-
lationship between smoking and AF still remains
unclear. The mechanism involved in that de-
serves further study.
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Abstract

Atrial fibrillation (AF) is a common complication in patients with atrial septal defects (ASDs). The link
between AF and ASD is fairly complex and entails modifications in electrophysiologic, contractile and
structural properties, at the cellular and tissue level, of both atria, mainly due to chronic atrial stretch and
dilation. Surgical repair or percutaneous closure of ASDs are equally effective in reducing mortality and
symptoms but limited in preventing or curbing AF, unless combined with an arrhythmia-specific proce-
dure. Transesophageal echocardiography (TEE) and intracardiac echocardiography (ICE) have improved
the safety and success of the above procedures. Finally, clearer understanding of the pathophysiology
of AF in patients with ASD (and CHEF, in general) has led to target-specific advances in medical manage-

ment.

Introduction

AF is the most common sustained arrhythmia
in clinical practice currently affecting approxi-
mately 2.2 million people in the United States
with an estimate of more than 5.6 million, 50%
of which aged 80 years or older, by the year 2050.
The prevalence of AF directly correlates with age,
with only 0.1% of adults younger than 55 years
but 9.0% of adults 80 years or older affected.’
Age-standardized prevalence of AF is higher
among men than women and among patients
with essential hypertension, ischemic or valvu-
lar heart disease, left atrial (LA) enlargement,
congestive heart failure and diabetes, with car-
diac failure and rheumatic heart disease being
the most powerful predictive precursors.>*® AF is
a very costly disease with significant impact on
public health. The number of hospitalizations for
AF has dramatically increased in the recent years

with a subsequent rise in health care costs.'*'® The
development of AF places patients at significant
risk for cardioembolic strokes, steadily increas-
ing with age from 6.7% for ages 50 to 59 years to
36.2% for ages 80-89 years®and doubles their over-
all mortality.® In the subgroup of patients with
ASD the incidence of atrial flutter (AFL) and AF
has been reported to be as high as 15-40% in the
30-35 year olds and carries ominous prognosis”"’
ASDs are quite common representing 10% of all
cardiac malformations at birth, 12% in children
and 15% at clinics for children and adults.” There
are 3 major types of ASDs: ostium secundum, os-
tium primum and sinus venosus defects. The os-
tium secundum is a true defect of the atrial septum
and is located in the region of the fossa ovalis. The
ostium primum defect belongs to the atrioventric-
ular (AV) septal defects (also known as endocar-
dial cushion defects), which may include a large
ventricular septal defect and a common AV valve
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in its complete form. The sinus venosus defect is
usually located at the junction of the right atrium
(RA) and superior vena cava and almost always
associated with partial anomalous pulmonary ve-
nous return. Two less common types of ASDs in-
clude the inferior vena cava form of sinus venosus
defect and the coronary sinus septal defect.”” With
any ASD, the direction and amount of flow across
the defect depends on the size of the defect and the
diastolic properties of the two ventricles, which at
birth are approximately equal and hence there is
minimal net flow across the defect. As pulmonary
arterial pressure falls, the right ventricle (RV) at-
rophies and becomes more distensible, while the
left ventricle (LV) hypertrophies and becomes less
compliant, due to increased systemic vascular re-
sistance. This is the time when shunting of blood
from the LA to the RA begins overloading the RV
and shifting the interventricular septum to the
left, decreasing the LV preload. The renis-angio-
tensin-aldosterone (RAA) system is thus activated
increasing the intravascular volume and further
increasing the pulmonary blood flow, eventually
causing RA, LA and RV dilatation, pulmonary
hypertension, right heart failure and flow rever-
sal across the interatrial defect with significant
hypoxia and cyanosis (Eisenmenger syndrome).”
The most common initial presenting symptoms of
ASD are exertional dyspnea or fatigue. Patients
may then develop AF, decompensated right heart
failure, occasionally, paradoxical embolus or tran-

sient ischemic attack, and finally, cyanosis (espe-
cially with inferior sinus venosus defect or right-
to-left shunts).’2!"?> Roesler in 1934 was the first to
describe the natural history and clinical features of
the disease based on 62 post mortem cases. Mean
age of death was 36 years and usually resulted from
heart failure, often associated with AF.?** Camp-
bell noticed that the mortality rates were quite
low for the first two decades of life (0.6 to 0.7%
per year) but rose significantly with subsequent
decades (2.7% to 4.5% to 5.4% to 7.5% per year)."®
ASDs are quite common representing 10% of all
cardiac malformations at birth, 12% in children
and 15% at clinics for children and adults.”® There
are 3 major types of ASDs: ostium secundum, os-
tium primum and sinus venosus defects. The osti-
um secundum is a true defect of the atrial septum
and is located in the region of the fossa ovalis. The
ostium primum defect belongs to the atrioventric-
ular (AV) septal defects (also known as endocar-
dial cushion defects), which may include a large
ventricular septal defect and a common AV valve
in its complete form. The sinus venosus defect is
usually located at the junction of the right atrium
(RA) and superior vena cava and almost always
associated with partial anomalous pulmonary
venous return. Two less common types of ASDs
include the inferior vena cava form of sinus veno-
sus defect and the coronary sinus septal defect.”
With any ASD, the direction and amount of flow
across the defect depends on the size of the de-

Figure 1: Cross section interatrial septum showing the transseptal sheath inferior and posterior to the closure device (courtesy
of Lakkireddy D, Patel D, Mlcochova H, Thal S, Wazni O, Kanj M, Arruda M, Prasad S, Bhargava M, Cummings J. Feasibility
of transeptal puncture in radiofrequency catheter ablation of atrial fibrillation in patients with atrial septal defect (ASD) repair.

Heart Rhythm. 2006; 3(5):5282-3 [Abstract])
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fect and the diastolic properties of the two ven-
tricles, which at birth are approximately equal
and hence there is minimal net flow across the
defect. As pulmonary arterial pressure falls, the
right ventricle (RV) atrophies and becomes more
distensible, while the left ventricle (LV) hyper-
trophies and becomes less compliant, due to in-
creased systemic vascular resistance. This is the
time when shunting of blood from the LA to the
RA begins overloading the RV and shifting the
interventricular septum to the left, decreasing
the LV preload. The renis-angiotensin-aldoste-
rone (RAA) system is thus activated increasing
the intravascular volume and further increasing
the pulmonary blood flow, eventually causing
RA, LA and RV dilatation, pulmonary hyperten-
sion, right heart failure and flow reversal across
the interatrial defect with significant hypoxia and
cyanosis (Eisenmenger syndrome).” The most
common initial presenting symptoms of ASD are
exertional dyspnea or fatigue. Patients may then
develop AF, decompensated right heart failure,
occasionally, paradoxical embolus or transient
ischemic attack, and finally, cyanosis (especially
with inferior sinus venosus defect or right-to-left
shunts).!”?>> Roesler in 1934 was the first to de-
scribe the natural history and clinical features of
the disease based on 62 post mortem cases. Mean

age of death was 36 years and usually resulted from
heart failure, often associated with AF.* Camp-
bell noticed that the mortality rates were quite
low for the first two decades of life (0.6 to 0.7%
per year) but rose significantly with subsequent
decades (2.7% to 4.5% to 5.4% to 7.5% per year)."

AF inductionand maintenance in ASD patients

The link between AF and ASD is relatively com-
plex. Changes in atrial size and pressures have
been shown to induce and maintain atrial tachyar-
rhythmias by various mechanisms. The effects
of acute atrial stretch on atrial electrophysiology
are widely divergent. Sideris et al found that an
increase in right atrial pressure by acute volume
overload significantly prolonged right atrial effec-
tive refractory period (AERP), interatrial conduc-
tion time and increased the propensity of the atria
to fibrillate by rapid atrial pacing (RAP).# Other
investigators, however, concluded that acute atrial
stretch highly correlated with shortening of AERP
and increased vulnerability for AF by single pre-
mature stimuli®** Chronic atrial stretch and/
or enlargement on the other hand (as in patients
with ASD), have consistently been associated with
a significant increase in AERP and susceptibil-
ity to AF with single extrastimulus. A number of

Figure 2: IInteratrial septum with surgical closure patch through which a transseptal sheath was placed. Note an additional
sheath that was placed at a more posterior and inferior location. (courtesy of Lakkireddy D, Patel D, Mlcochova H, Thal S,
Wazni O, Kanj M, Arruda M, Prasad S, Bhargava M, Cummings J. Feasibility of transeptal puncture in radiofrequency catheter
ablation of atrial fibrillation in patients with atrial septal defect (ASD) repair. Heart Rhythm. 2006; 3(5):s282-3 [Abstract])
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studies have shown that significant (at least 40%,
by some™) atrial enlargement is associated with
AERP prolongation, increased p-wave duration
and extended sinus node recovery time (SNRT).*"
¥ Biatrial enlargement due to AV dysynchrony by
long-term VVI pacing has similarly been associ-
ated with prolongation of the AERP*

Electrical remodeling due to atrial enlargement
contrasts the type of remodeling observed after
RAP or AF. For the first time in an animal model,
Wijffels et al’*® discovered that (artificially-induced
and maintained) AF produced significant electro-
physiologic changes in the atrial myocytes, namely
a decrease in AERP, which caused AF to become
sustained and unable to terminate spontaneously
(hence, “AF begets AF”).*® Subsequent studies have
confirmed the association of AF (and RAP) with
marked decrease in AERP, as well as with signifi-
cantly increased atrial impulse wavelength, loss of
rate adaptation of the refractory period, sinus node
dysfunction and accelerated conduction velocity,
thus supporting the clinical experience that the
success rate of chemical or electrical cardioversion
of AF is higher when AF has lasted only a short
time !

Changes in atrial refractoriness has been explained
at the atrial myocyte level by the concept of “ionic
current remodeling” in the presence of congestive
heart failure (CHF) and RAP. More specifically,
with chronic atrial enlargement, there is a modest
decrease in both L-type Ca2+ currents and transient
outward (Ito) and slow delayed-rectifier (IKs) K+-
currents, no change in inward rectifier, ultrarapid
and rapid delayed rectifier, and T-type Ca2+ cur-
rents, and an increase in the Na+, Ca2+-exchanger
(NCX) current. The net result is an increase in ac-
tion potential duration (APD) at faster rates, paral-
leling AERP prolongation noted in vivo.”* RAP
on the other hand, has been associated with a sig-
nificant reduction in the densities of Ito and Ica
with subsequent reductions in APD and APD ad-
aptation to rate and shorter atrial refractoriness.>>

While shortening of the AERP has clearly been
shown to predispose and sustain AF, lengthen-
ing of the AERP (as present in ASD patients with
chronic atrial enlargement) may still increase atrial
susceptibility to fibrillate by a different mecha-
nism. Atrial refractoriness appears to be hetero-
geneously dispersed across key anatomic areas of

the right and left atrium, most notably the cris-
ta terminalis (CT) and the posterior wall of the
left atrium (PLA), respectively.” Ultrastructural
analysis of the CT reveals a simple end-to-end
communication between the myocytes with nu-
merous gap junctions in intercalated disks and
minimal connections between laterally apposed
cells, hence the propagation velocity in the CT
is approximately 10 times greater in the longitu-
dinal than in the transverse direction leading to
anisotropic conduction preferentially along the
anatomic LoB.”® The increase in atrial refractori-
ness observed with atrial dilatation is unequally
distributed across the RA (anisotropic dispersion
of AERP), with AERP significantly prolonged
along the thin free wall compared to the thick
CT (functional LoB).*** The combination of both
anatomical and functional LoB’s predisposes the
RA to re-entrant tachyarrhythmias presenting as
atrial flutter or atrial fibrillation, depending on
the length of the overall LoB. A shorter LoB is
more likely to “short-circuit” and become unsta-
ble, degenerating into AF. RAP and spontaneous
atrial tachyarrhythmias have already been shown
to produce a functional LoB between the vena ca-
vae and its length was found to be critical for the
maintenance of AFL and in preventing its deg-
radation into AF.*¢! The PLA is another key site
where a line of anatomic LoB can be drawn per-
pendicularly between the superior and inferior
pulmonary veins, correlating well with a region
of change in subendocardial fiber orientation.
This line is responsible for the breakup of wave
fronts into multiple wavelets during the initiation
of AF from the pulmonary vein foci.®* In the pres-
ence of chronic LA dilation, conduction along the
anatomic LoB of the PLA becomes more anisotro-
pic due to heterogeneous dispersion of atrial re-
fractoriness (functional LoB) creating a favorable
substrate for re-entry and fibrillatory activity.””®

However, even after prolonged periods of AF
(months or years), electrical remodeling appears
to be completely reversible and atrial refractori-
ness becomes normal within a few days of sinus
rhythm. Allessie et al* suggested that a “second
factor” was responsible for persistent AF. Good
candidates included “atrial stunnig” (loss of
atrial contractility, contractile remodeling) and
atrial interstitial fibrosis (structural remodeling).
Down-regulation of ICaL, pronounced reduction
of Ca2+ -transient current and Ca overload intra-
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cellularly were shown experimentally to cause
atrial stunning.®** The duration of contractile
dysfunction correlated well with the duration
of AF and could take months prior to full recov-
ery.® Still, atrial fibrosis is the hallmark of AF
“domestication” by maintaining an arrhythmo-
genic substrate. Atrial fibrosis is the convergent
pathologic end point of a variety of cardiac in-
sults, including chronic atrial stretching (such as
with an ASD), and a reparative process to replace
degenerating myocardial cells.”*® Mechanical
stretch induces increased angiotensin II (AnglI)
and transforming growth factor (TGF) —beta 1 ex-
pression and collagen synthesis in cardiac fibro-
blasts. It also stimulates cardiomyocyte signaling
via activation of the angiotensin II type 1 (AT1)
receptors and mitogen-activated protein kinase,
with direct fibroblast-activating effects.®*”® A
lower percentage of atrial cardiomyocytes (com-
pared to the ventricles, 45% vs 76%), and thus,
a larger concentration of fibroblasts, inevitably
leads to pronounced atrial extracellular matrix
accumulation and remodeling.”*” Fibrosis has
significant electrophysiologic effects, namely, it
creates localized areas of muscle fiber disarray
and thinning causing conduction slowing, in-
creased conduction heterogeneity, unidirection-
al conduction blocks and smaller and more nu-
merous reentrant circuits, a necessary substrate
for AF.7*®% Atrial myocytes, on the other hand,
assume a more fetal phenotype (dedifferentia-
tion), which resembles the changes in ventricular
myocytes due to chronic ischemia (hibernation);
such changes are initially reversible and hetero-
geneously distributed, however, in dilated atria
(especially the RA), progression to DNA cleav-
age, programmed cell death and replacement
with fibrous tissue, have been observed. 48!

ASD repair and AF

Therefore, patients with significant ASDs should
be offered elective closure once the diagnosis
is made. Current indications for ASD closure
include right atrial and ventricular dilation by
echocardiography, MRI or CT associated with
ASD minimum diameter > 10mm on echocar-
diography and/or Qp:Qs > 1.5:1.0 by echocardio-
graphic or cardiac MRI flow assessment or from
oxygen saturation runs, when cardiac catheter-
ization is performed. Treatment includes surgi-
cal repair of the ostium primum and sinus ve-

nosus ASDs, as well as of the ostium secundum
ASDs, which are unsuitable for percutaneous de-
vice closure (defect > 36mm, inadequate atrial sep-
tal rims for stable device deployment, or proximity
of the defect to the AV valves, the coronary sinus or
the vena cavae) [19,82]. Mortality and symptoms
are significantly improved after surgical repair of
ASDs, regardless of age, pulmonary arterial pres-
sure (PAP) or pre-operative functional class.?>%%
On the other hand, the incidence of atrial tachyar-
rhythmias (most notably AF and AFL) is signifi-
cantly age-dependent, with a higher incidence of
AF and AFL among patients undergoing surgical
closure in adulthood. Multiple studies have shown
that preoperative, persistent and new-onset (i.e.
postsurgical) AF or AFL are significantly more
common among older patients.?**#%92 For in-
stance, Gosh et al observed a lower incidence of
preoperative AF (23.5% vs 43.6%, p <0.05) among
patients 35-50 years old than among patients old-
er than 50 years and a lower incidence of new AF
(7.8% vs 34%, p <0.05) in the former than the latter
group.” The reported incidence of AF and AFL af-
ter surgical closure of ASD at adult age was indeed
comparable to the incidence of these arrhythmias
in natural history studies of ASD patients, namely,
15-40% in 30-35 year-olds.””® Some studies even
claimed a higher incidence of new onset supra-
ventricular arrhythmias in surgical patients than
in patients receiving medical management (39% vs
14%, p=0.01).¥** These numbers are significantly
different from the 3% incidence reported by Roos
et al for ASD patients operated in childhood.” The
etiology of persistent or new-onset atrial arrhyth-
mias following surgical repair of ASD in adults in
not completely understood, however, the extent of
residual RA dilatation after ASD closure appears
to play a critical role. Indexed RA area remains in-
creased after ASD repairs in adults compared to
that in control subjects (still relatively decreased
over time) and the decrease in RA area is inversely
proportional to the patient’s age at the time of the
ASD closure .** As shown earlier, persistent atrial
dilatation is essential for the initiation and domes-
tication of AF and AFL. In addition, surgical scars
(from the ASD repair) in the RA free wall act as
anatomical LoB allowing either re-entry phenom-
ena and AFL or scattered atrial electrical activity
and AF to take place depending on the length of
the LoB.***"¥*° Finally, parameters such as the use
of cardioplegia, type of cannulation, location of the
defect and the presence of abnormal pulmonary
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venous drainage have been associated with sinus
node injury or dysfunction and atrial arrhythmias
212¢ The unacceptably high rates of persistent or
new AF and AFL after adult ASD surgery (with
their associated risks of stroke and chronic drug
therapy) in conjunction to the small added risk
of performing an AF surgical procedure, such as
the modified Cox-Maze procedure, support their
combination in such high risk patients.'®'! The
combination of the two surgical procedures has
been associated with an approximately 85% rate
of restoring sinus rhythm, a 90% rate of maintain-
ing sinus rhythm and a significant improvement
in New York Heart Association classification 8
months after combined surgery [102-103] with
rates heavily dependent on the pre-operative size
of the left atrium and the magnitude of the atrial
fibrillatory wave'®

Nevertheless, surgical repair of ASDs carries sig-
nificant morbidity and mortality.?®*1% Percu-
taneous closure has recently emerged as an at-
tractive alternative to the traditional open-chest
procedures. The new modality has been associ-
ated with significant hemodynamic and electro-
physiologicimprovements in cardiac function. RV
volumes are significantly decreased in <24 hours
after the procedure and continue to improve for
up to 6 months (-not observed with surgical ASD
repair due to the detrimental effects of cardiople-
gia.!'"11%). Improvement in RV filling pressures
and function after percutaneous ASD repair have
been associated (via the principle of ventricular

interdependence) with an improved LV diastolic
function, as suggested by normalization of the LV
isovolumic relaxation time and LV end-diastolic
dimension, and systolic function, as suggested by
a statistically significant increase in LV ejection
fraction.®'®!!-112 Improved ventricular filling and
atrial preload parameters may lead to noticeable
reductions in indexed RA and LA areas (though,
without complete resolution) over time in an age-
dependent fashion.”*'*!"® Early percutaneous re-
pair of ASDs has been associated with a decreased
incidence of atrial tachyarrhythmias and ectopy
compared to surgical closure.'®'*

At any rate, patients who develop AF after ASD
repair or PFO closure maintain the option of AF
ablation irrespective of the closure (surgical or
percutaneous) modality chosen. Concerns regard-
ing gaining access to the LA via a transeptal punc-
ture (TSP) under fluoroscopic guidance in the
presence of an intra-atrial patch closure device
initially led to reasonable hesitations in percuta-
neously treating AF. Alterations in the septal anat-
omy after repair and the potential for mechanical
dislodgement and damage to the closure appara-
tus made the complexity of the procedure, risks of
complications and the fluoroscopy time prohibi-
tive to many operators. Nevertheless, a few stud-
ies have shown that TSP under these conditions
can be performed with low risk of complications.
In a study of 39 pediatric patients with congeni-
tal heart disease requiring intra-atrial patch (IAP),
the IAP was successfully punctured in 97.5% of

Figure 3: Closure of an atrial septal defect (ASD) under ICE guidance. (A) Colour Doppler demonstrating an ASD located in the
inferior part of the atrial septum. (B) Relation of the ASD (arrow) to intracardiac structures. (C) Positioning of the Amplatzer
closure device. (D) After several minutes, flattening of the closure device occurs. The device is positioned stable in between the
right and left atria. Ao, aorta; LA, left atrium; RA, right atrium; RV, right ventricle
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the patients (38/39) with no complications; fol-
low-up echocardiography in 79% of the patients
revealed no residual shunting across the atrial
septum except for two cases of atrial baffle, which
were intentionally fenestrated."® Double TSP for
AF ablation was successfully (95%) performed un-
der the guidance of intracardiac echocardiography
(ICE) in a prospective study of 20 post-ASD/PFO
repair patients, age- and gender-matched with 20
control patients. Lakkireddy et al showed that sur-
gical repairs with synthetic materials like Dacron
(but not Gore-Tex) can safely be punctured to gain
access to the LA, while most ASD or PFO closure
devices typically occlude the anteroseptal portion
of the interatrial septum, leaving a relatively wide
posteroinferior area for TSP [figures 1-2]. No acute
or long-term complications were noted and echo-
cardiographic follow-up at 3 months showed re-
sidual interatrial communication in only 1 patient,
which resolved in 12 months.'*®

Overall, percutaneous ASD closure is a safe and
efficient procedure with only rare (less than 1%)
serious complications in experienced centers. Case
reports of device failure to deploy, malfunction,

fracture or embolization, myocardial perforation
and hemopericardium (with or without tampon-
ade), residual shunts, thrombus formation on the
device and aortic sinus-to-left atrial fistula forma-
tion have been reported."”"'** In an effort to im-
prove the safety and success of percutaneous (and
surgical) ASD procedures, cardiacimaging such as
transesophageal echocardiography (TEE) and ICE
have been incorporated in all ASD closure pro-
cedures. TEE has been helpful in the selection of
patients for surgical or percutaneous repair, in as-
sessing the morphology, dimensions and relation-
ship of ASD to the other intracardiac structures,
in guiding the operator during the procedure and
in early detection of any ensuing complications.
Although the risks of TEE are minimal (< 0.02%),
insertion of the TEE probe can potentially result
in oral, esophageal or pharyngeal trauma, arrhyth-
mias and patient discomfort. General anesthesia
is usually required and additional staff (anesthe-
siologist, TEE operator) need to be present in the
lab throughout the procedure. Experienced TEE
operators are crucial for acquisition of quality
images and reducing procedure and fluoroscopy
times'#'* ICE has emerged as the preferred alter-
native to TEE. It provides accurate visualization of

Figure 4: Regional Difference in Ionic Current Contribution to APs. Differences in key ion currents between atrial (blue) and
ventricular (red) action potentials (APs). Atrial APs have smaller AP amplitude and less negative resting membrane potential.
Currents (green) identified above the line illustrating the APs are present in both regions; atrially expressed ionic currents are il-
lustrated below the AP schematic (blue). IKACh _ acetylcholine-regulated potassium current; IKur _ ultrarapid delayed-rectifier
potassium current; INa _sodium current (courtesy of Ehrlich JR, Biliczki P, Hohnloser SH, Nattel S. Atrial-selective approaches
for the treatment of atrial fibrillation. ] Am Coll Cardiol. 2008 Feb 26;51(8):787-92)
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the intracardiac anatomic structures, defect(s) and
closure devices or patches and guides the opera-
tor in interventions, such as TSPs and placement
of closure devices, thus preventing complications
associated with the procedure [figure 3]. It also
helps in microbubble monitoring for power ad-
justment during radiofrequency ablation and in
visualization of thrombus formation on catheters
and sheaths.”*"? In contrast to TEE though, it
avoids esophageal probe insertion (and its associ-
ated risks), patient discomfort and general anes-
thesia.

Medical management of AF in ASD patients
Atrial extrasystoles:

Since AF is so common in the group of ASD (and
especially, the unrepaired or adult-repaired ASD)
patients, medical management remains essential.
Pharmacologic agents to convert AF and prevent
relapses have traditionally included antiarrhyth-
mic drugs of the Vaughan-Williams class I and
III. However, these agents are notorious for their
proarrhythmic effects and poor tolerability. Latest
breakthroughs in the understanding of the patho-
physiologic mechanisms behind the initiation
and maintenance of AF (and other atrial tachyar-
rhythmias) have inspired rigorous interest in the
pharmacologic targeting of the various steps. The
concept of electrical remodeling in AF has led re-
search efforts towards “atrial-selective” drugs,
that is, modulators targeting ion-specific-channels
[figure 4] (most notably Ikur and IkAch,™),
stretch-activated nonselective cation channels
(SACs)'* and atrial structures (such as atrially ex-
pressed connexins'*), to affect atrial electrophysi-
ologic activity.

Most of the currently investigated modulators
though are not in strict terms “specific”, but rath-
er one or two orders of magnitude more selective
in inhibiting the target(s) of interest compared to
other potential targets.'””” Structural remodeling
due to interstitial fibrosing is another potential
target of pharmacotherapy and important feature
of AF substrate. Several profibrotic factors have
been discovered, most notably, Angll, TGF-b1,
PDGF and connective tissue growth factor, and
the renin — angiotensin — aldosterone pathway has
extensively been implicated in the process.” Re-

cent therapeutic agents such as ACE inhibitors, an-
giotensin II type 1 receptor blockers and antialdo-
sterone therapies specifically target the latter and
have been shown in multiple studies to substan-
tially reduce fibroting changes and AF."**! Simi-
larly, 3-hydroxy-3-methylglutaryl coenzyme A
(HMGCoA) reductase inhibitors'**'** and omega-3
polyunsaturated fatty acids were found to delay
tissue fibrosis and thus prevent AF."* Gene thera-
py remains the last frontier in AF therapy with the
most promise for atrial selectivity but is still lack-
ing clinical applications.

Conclusions:

In conclusion, AF in ASD patients is mainly the by-
product of RA and LA dilation. Changes in atrial
refractoriness, ionic currents and atrial conduction
properties (electrical remodeling), along with tis-
sue remodeling due to atrial fibrosis (structural
remodeling) generate a favorable substrate for
the initiation and domestication of AF (and other
atrial tachyarrhythmias). Surgical repair of ASD
remains the standard therapeutic modality except
for a selective population of patients, for which a
percutaneous approach is preferred. Adult repair
is associated with similar rates of AF in compari-
son to unrepaired ASD, partly due to residual RA
dilation with fibrotic changes. Current AF treat-
ment in ASD patients includes the modified Cox-
Maze procedure (usually concomitantly with the
ASD repair), percutaneous AF ablation via TSP
and pharmacologic modalities, currently focusing
on atrially expressed targets and pathophysiologic
steps in atrial remodeling. Genetic manipulation is
a promising research field in AF.
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Introduction

Retrospective case-control studies and case series
of younger athletes and middle-aged adults have
suggested an adverse association between physi-
cal activity and development of atrial fibrillation.
However, these studies have evaluated subjects
engaged in either vigorous exertion or endurance
training. On the other hand, habitual physical ac-
tivity might be expected through salutatory effects
on blood pressure, vascular compliance, coronary
disease, and heart failure to reduce the incidence
of atrial fibrillation in the general population. The
aim of this study was to assess the effect of habitual
light to moderate physical activity on the incidence
of atrial fibrillation among older adults.

Methods

IThe authors evaluated 5446 patients (58 % female) =
65 years of age (72.8 £ 5.6 years) who were followed
prospectively in The Cardiovascular Health Study,
which was a National Heart, Lung, and Blood In-
stitute sponsored prospective cohort study of de-
terminants of cardiovascular risk among older sub-
jects. Various measures of physical activity were
assessed. Usual leisure-time activity (kcal/week)

was assessed at baseline and at the third and sev-
enth annual visits by use of a modified Minnesota
Leisure-Time Activities questionnaire. This eval-
uates the frequency and duration of 15 different
activities during the prior 2 weeks. The findings
were quantified in quintiles. Usual exercise inten-
sity was defined as no exercise or low, medium,
or high intensity exercise. Finally, information on
blocks walked (quintiles) and usual pace walked
(< 2, 2-3, >3 mph) was obtained. Cases of atrial
fibrillation were identified on the basis of either
annual ECGs obtained on study participants or
from hospital discharge diagnoses.

Our Experience

WDuring 12 years of follow-up, 1061 new cases
of atrial fibrillation were documented, yielding
an incidence rate of 22.4 cases per 1000 person-
years. After adjustment for age and gender, both
leisure-time activity and exercise intensity were
associated with lower incidence of atrial fibrilla-
tion. Compared with the lowest quintile, individ-
uals in quintiles 3,4, and 5 for leisure-time activity
had 25%, 22%, and 36% lower risk, respectively
of developing atrial fibrillation (p <0.001). For ex-
ercise intensity, a U-shaped curve was observed.
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Compared with no regular exercise, patients en-
gaged in moderate intensity exercise had a 28%
lower risk of atrial fibrillation; however, those en-
gaged in high-intensity exercise faired no better
than individuals with a lifestyle of either no ex-
ercise or only low intensity exercise. A protective
effect against atrial fibrillation was also observed
in individuals who walked longer distances and
at a brisker pace.

The authors repeated the analysis after excluding
1150 patients with a significant co-morbidity that
could affect physical activity, such as claudica-
tion, angina, limited vision, and abnormal FEV1.
However, the findings of the study were not sig-
nificantly altered. In a novel analysis, the authors
also calculated the proportion of new atrial fibril-
lation cases attributable to the lack of moderate
physical activity (leisure-time activity below the
median of 616 kcal/week, walking fewer than 12
blocks a week, or walking at a pace less than 2
mph). Overall, 26% (95% CI: 7-43%) of new atri-
al fibrillation cases were attributable to a lack of
moderate level physical activity.

Conclusions

Atrial fibrillation continues to be an important
clinical problem. In this study, 1 in 5 adults
65 years of age developed atrial fibrillation dur-
ing a 12-year follow-up period. This is an under-
estimate of the true incidence as many cases of
paroxysmal atrial fibrillation (especially if as-
ymptomatic) were likely missed based on the
study design. The finding that engagement in
only moderate leisure-time activity and regular
walking at a moderate distance and pace may at-
tenuate this risk in a quarter of the population is
particularly impressive. These data highlight the
need for public health policies that encourage
participation in regular physical activity as part
of our society’s day-to-day lifestyle.
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