a2 United States Patent

Harlev et al.

US010405771B2

US 10,405,771 B2
*Sep. 10, 2019

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

(*)

1)
22)

(65)

(63)

(1)

(52)

IMPEDANCE BASED ANATOMY

GENERATION

Applicant: Rhythmia Medical, Inc., Burlington,
MA (US)

Inventors: Doron Harlev, Brookline, MA (US);
Alpar Csendes, Burlington, MA (US);
Zsolt Badics, Andover, MA (US)

Assignee: Rhythmia Medical Inc., Burlington,
MA (US)

Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 337 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 15/368,661

Filed: Dec. 4, 2016

Prior Publication Data
US 2017/0086705 A1~ Mar. 30, 2017
Related U.S. Application Data

Continuation of application No. 14/259.384, filed on
Apr. 23, 2014, now Pat. No. 9,510,769, which is a
continuation of application No. 13/495,541, filed on
Jun. 13, 2012, now Pat. No. 8,744,566, which is a
continuation of application No. 12/437.812, filed on
May 8, 2009, now Pat. No. 8,571,647.

Int. CL

A61B 5/00 (2006.01)

A61B 5/053 (2006.01)

A61B 6/00 (2006.01)

A61B 8/08 (2006.01)

A61B 5/042 (2006.01)

US. CL.

CPC ... AG6IB 5/0538 (2013.01); A61B 5/0044

(2013.01); A61B 5/0422 (2013.01); A61B
5/0536 (2013.01); 4618 5/0537 (2013.01);

2?0
A DISPLAY
N 204

%

A6I1B 5/6858 (2013.01); A61B 6/503
(2013.01); A61B 8/0883 (2013.01); A61B
3/042 (2013.01)
(58) Field of Classification Search
CPC ... AGIB 5/0537; A61B 5/0358; AG1B 5/0044;
AGIB 5/0422; A61B 5/6858
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
4,640,924 A 3/1987 Taccardi
4,674,518 A 6/1987 Salo
4,840,182 A 6/1989 Carlson
4,920,490 A 4/1990 Isaacson
(Continued)
FOREIGN PATENT DOCUMENTS
CN 1253761 A 5/2000
EP 2204120 Al 7/2010
(Continued)
OTHER PUBLICATIONS

Andras Lasso et al., “SlicerWiki VolumeClip”, Dec. 25, 2014, pp.
1-4, XP55332376, retrieved from teh internet: https://www.slicer.
org/wiki/Documentation/4.4/Extensions/ VolumeClip, retrieved on
Jan. 5, 2017.

(Continued)

Primary Examiner — Max F Hindenburg

(74) Attorney, Agent, or Firm — Faegre Baker Daniels
LLP

(57) ABSTRACT

Methods and systems for the determination and representa-
tion of anatomy anatomical information are disclosed
herein.

20 Claims, 11 Drawing Sheets

PROCESSING UNIT

210



US 10,405,771 B2

Page 2
(56) References Cited 6,941,166 B2 9/2005 MacAdam et al.
6,957,101 B2  10/2005 Porath et al.
U.S. PATENT DOCUMENTS 6,978,168 B2 12/2005 Beatty et al.
6,084,207 Bl 1/2006 Sullivan et al.
5,156,151 A 10/1992 Imran 6,990,370 Bl  1/2006 Beatty ot al.
5,284,142 A 2/1994 Goble et al. 7,016,719 B2 3/2006 Rudy et al.
5,297,540 A 3/1994 Beatty et al. 7,043292 B2 5/2006 Tarjan et al.
5,300,068 A 4/1994 Rosar et al. 7,136,694 B2  11/2006 Hadley et al.
5341,807 A 81994 Nardella 7263397 B2 82007 Hauck et al.
5,381,333 A 1/1995 Isaacson et al. 7,505,810 B2 3/2009 Harlev et al.
3469858 A 11995 Osbome 7515954 B2 42009 Harlev et al.
5480422 A 1/1996 Ben-Haim 7620981 BL 122009 West
5483,968 A 1/1996 Adam et al. -
. 7,729,752 B2 6/2010 Harlev et al.
5,500,011 A 3/1996 Desai
- 8,137343 B2 3/2012 Harlev et al.
5553611 A 9/1996 Budd et al.
5568800 A 10/1996 Ben-Haim 8463368 B2 6/2013 Harlev et al.
5577502 A 11/1996 Darrow et al. 20028/5‘09685’323 321 Zggéz K/{Vellzgt al~t |
5,588,429 A 12/1996 Isaacson et al. i E - MacAdam ¢t al.
5,634,460 A 6/1997 Bruder et al. 2002/0151807 Al  10/2002 Goldin
5,647,870 A 7/1997 Kordis et al. 2003/0018251 Al 1/2003 Solomon
5,662,108 A 9/1997 Budd et al. 2003/0065271 Al 4/2003 Khoury
5,687,737 A 11/1997 Branham et al. 2003/0076277 Al 4/2003 Muramatsu et al.
5697377 A 12/1997 Wittkampf 2003/0078509 Al 4/2003 Panescu
5,704,365 A 1/1998 Albrecht et al. 2003/0093067 Al 5/2003 Panescu
5722402 A 3/1998  Swanson et al. 2003/0216630 Al 11/2003 Jersey-Willuhn et al.
5,840,025 A 11/1998 Ben-Haim 2004/0059237 Al 3/2004 Narayan et al.
5,840,031 A 11/1998 Crowley 2004/0077942 Al 4/2004 Hall et al.
:gigégg i 3; }ggg ??lndl?nar Klthrflann 2004/0097806 Al  5/2004 Hunter et al.
5,848, riedman et al. /
S§763% A 11999 Swamee S8 2004//0158165 Al 82004 Yonce et al.
02108 A 211999 Lot ot al 2004/0243015 Al 12/2004 Smith et al.
3034665 A 0/1999 Bor-Haim 2004/0254437 Al 12/2004 Hauck et al.
PG 2005/0037489 Al 2/2005 Gepstein et al.
5,971,933 A 10/1999 Gopakumaran et al. 20050038337 Al 22005 Edward:
5,983,126 A 11/1999 Wittkampf g ‘ wards
6,014,581 A 1/2000 Whayne et al. 2005//0054918 Al 3/2005 Sra
6,050,267 A 4/2000 Nardella et al. 2005//0107834 Al 5/2005 Fr.eeman et al.
6,070,004 A 5/2000 Swanson ef al. 2005/0154282 Al 7/2005 Li et al.
6,095,150 A 8/2000 Panescu et al, 2005/0288599 Al  12/2005 MacAdam et al.
6,167,206 A 12/2000 Shahidi 2006/0085049 Al 4/2006 Cory et al.
6,226,542 Bl 5/2001 Reisfeld 2006/0116575 Al 6/2006 Willis
6,233,491 Bl 52001 Kordis et al. 2006/0122526 Al 6/2006 Berenfeld et al.
6,236,886 Bl 5/2001 Cherepenin et al. 2006/0173251 Al 8/2006 Govari et al.
6,240,307 Bl 5/2001 Beatty et al. 2006/0178587 Al 82006 Khoury
6,246,898 Bl 6/2001 Vesely et al. 2006/0241401 Al  10/2006 Govari et al.
6,254,536 Bl 7/2001 Devito 2007/0016007 Al 1/2007 Govari et al.
6,278894 Bl 82001 Salo et al. 2007/0038078 AL 22007 Osadehy
6,298,257 Bl 10/2001 Hall et al. 2007/0049821 A1 3/2007 Willis
6,308,093 B1  10/2001 Armoundas et al. .
! 2007/0112276 Al 5/2007 Simms
6,314,310 B1  11/2001 Ben-Haim et al. )
2007/0197929 Al 82007 Porath et al.
6,317,619 Bl  11/2001 Boernert et al. :
6318375 Bl 11/2001 Plicchi et al. 2007/0232949 AL 1012007 Saksena
6,368,285 Bl 4/2002 Osadchy et al. 2007//0265539 Al  11/2007 Hastings et al.
6,400,981 Bl 6/2002 Govari 2007/0270688 Al 112007 Gelbart et al.
6490474 Bl 12/2002 Willis et al. 2007/0270703 Al  11/2007 He et al.
6,516,807 Bl 2/2003 Panescu et al, 2007/0287902 Al  12/2007 Fuimaono et al.
6,547,082 Bl 4/2003 Babini 2007/0299351 Al 12/2007 Harlev e al.
6,556,695 Bl 4/2003 Packer et al. 2007/0299352 Al 12/2007 Harlev et al.
6,574,492 Bl 6/2003 Ben-Haim et al. 2007/0299353 Al  12/2007 Harlev et al.
6574498 Bl 6/2003 Gilboa 2008/0137934 Al 6/2008 Sakaguchi et al.
6,593,884 Bl 7/2003 Gilboa et al. 2008/0188765 Al 8/2008 Stolarski et al.
6,000,948 B2 7/2003 Ben-Haim et al. 2008/0190438 Al $/2008 Harlev et al.
ggg?ggg g} lggggg CB}eatlt(Y ft iﬂ~ 2008/0221566 Al 9/2008 Krishnan
051, uck et al 2008/0234588 Al 9/2008 Feldman et al.
6.640.119 BI  10/2003 Budd et al. , ecman ¢
6650927 BL 112003 Keid 2008/0249424 Al  10/2008 Harlev et al.
D, claar 2008/0269813 Al  10/2008 Greenhut et al.
6,690,963 B2 2/2004 Ben-Haim et al. ]
; 2009/0171274 Al 7/2009 Harlev et al.
6,701,176 BI 3/2004 Halperin et al. p
6735465 B2 5/2004 Panescu 2009/0253976 Al 10/2009 Harlev et al.
6,773,402 B2 8/2004 Govari et al. 2010/0268059 Al  10/2010 Ryu et al.
6,807,439 B2  10/2004 Edwards et al. 2011/0206256 Al  8/2011 Ramanathan et al.
6,839,588 Bl 1/2005 Rudy
6,847,839 B2 1/2005 Ciaccio et al. FOREIGN PATENT DOCUMENTS
6,872,428 B2 3/2005 Yang et al.
6,892,000 B2 5/2005 Verard et al. WO 1999005971 A1 2/1999
6,892,091 BI 5/2005 Ben-Haim et al. WO WO2006037172 Al 4/2006
6,893,588 B2 5/2005 Lawson et al. WO 2007035306 A2 3/2007
6,939,309 Bl 9/2005 Beatty et al. WO 2007108776 A2 9/2007



US 10,405,771 B2
Page 3

(56) References Cited
FOREIGN PATENT DOCUMENTS

WO 2007146864 A3 12/2007
WO 2010054320 Al 5/2010
OTHER PUBLICATIONS

Anonymous: Solid Commands—Rhino 3-D Modeling (Rhinoceros
5), Sep. 17, 2015, XP055332631, Retrieved from Internet: http://
docs.meneel.com/rhino/5/help/en-us/seealso/sak_solidtools.htm,
retrieved on Jan. 5, 2017, see under Cap, 2 pages.

International Search Report and Written Opinion issued in PCT/
US2016/053630, dated Jan. 17, 2017, 12 pages.

International Search Report and Written Opinion issued in PCT/
US2016/053633, dated Jan. 17, 2017, 14 pages.

Adams et al., “Seeded Region Growing”, IEEE Transactions on
Pattern Analysis and Machine Intelligence, 16(6):641-647, 1994.
Arthur et al.,, “Clinical Use of Intracardiac Impedance: Current
Applications and Future Perspectives”, PACE, vol. 24. No. 4, Part
1, Apr. 2001, pp. 500-506.

Baan, Jan et al., “Continuous Measurement of Left Ventricular
Volume in Animals and Humans by Conductance Catheter”, Diag-
nostic Methods-Conductance Catheter, Circulation, vol. 70, No. 5,
1984, pp. 812-823.

Badics et al., “Real-Time Reconstruction of Endocardial Potential
Maps in Non-Contact Cardiac Mapping”, International Journal for
computation and Mathematics in Flectrical and Electronic Engi-
neering (COMPEL), vol. 28, No. 4, 2009.

Ben-Haim et al., “Nonfluoroscopic, in Vivo Navigation and Map-
ping Technology”, Nature Medicine, 2(12):1393-1395, Dec. 1996.
Besl et al., “A Method for Registration of 3-D Shapes”, IEEE
Transactions on Pattern Analysis and Machine Intelligence, 14(2):239-
256, Feb. 1992.

Blomstrom-Lundqvist et al., “ACC/AHA/ESC Guidelines for the
Management of Patients With Supraventricular Arrhythmias-
Executive Summary”, Journal of the American College of Cardi-
ology, 42(8):1493-1531, 2003.

Breithardt et al., “AHA Medical/Scientific Statement—Special Report:
Standards for Analysis of Ventricular Late Potentials Using High-
Resolution or Signal-Averaged Electrocardiography”, Circulation,
83(4):1481-1488, Apr. 1991.

Brooks et al., “Electrical Imaging of the Heart”, IEEE Signal
Processing Magazine, pp. 24-42, 1997.

Buneo, Christopher A., Analyzing Neural Responses with Vector
Fields, Journal of Neuroscience Methods, vol. 197, 2011, pp.
109-117.

Caspi et al.. “Stem Cell Research: Regenerating the Heart Using
Human Embryonic Stem Cells—from Cell to Bedside”, IMAJ
8:208-214, 2006.

Cheney et al., “Electrical Impedance Tomography”, SIAM Review
41(1)85-101, 1999.

Communication pursuant to Article 94(3) EPC issued in EP Appli-
cation No. 07 798 369.0, dated Nov. 17, 2011, 5 pages.

De Groot et al., “Three-Dimensional Catheter Positioning During
Radiofrequency Ablation in Patients: First Application of a Real-
Time Position Management System”, Journal of Cardiovascular
FElectrophysiology, 11(11):1183-1192, Nov. 2000.

Donahue et al., “Focal Modification of Electrical Conduction in the
Heart by Viral Gene Transfer”, Nature Medicine, 6(12):1395-1398,
2000.

Dong et al., “Integrated Electroanatomic Mapping With Three-
Dimensional Computed Tomographic Images for Real-Time Guided
Ablations”, Circulation 113:186-194, 2006.

Durrer et al., “Total Excitation of the Isolated Human Heart”,
Circulation, vol. XLI, pp. 899-912, 1970.

E. J. Haug et al.: Design Sensitivity Analysis of Structural Systems,
Mathematics in Science and Engineering, vol. 177 (1986).

Ector et al, “Cardiac Three-Dimensional Magnetic Resonance
Imaging and Fluoroscopy Merging—A New Approach for
Electroanatomic Mapping to Assist Catheter Ablation”, Circulation,
(Dec. 13, 2005), pp. 3769-3776.

Extended European Search Report issued in EP Application No. 10
772 414, dated May 7, 2013, 6 pages.

Fletcher, R. “Chapter 6: Sums of Squares and Nonlinear Equations,”
Practical Methods of Optimization, 2nd Edition, J. Willey & Sons,
pp. 110-119 (1987).

Friedman, “Catheter Cryoablation of Cardiac Arrhythmias”, Cur-
rent Opinion in Cardiology, 20:48-54, 2005.

Friedman, “Novel Mapping Techniques for Cardiac Electrophysiol-
ogy”, Heart 2002, 87:575-582.

Geddes, L.A. et al., “Criteria for the Selection of Materials for
Implanted Flectrodes”, Annals of Biomedical Engineering, vol. 31,
pp. 879-890 (2003).

Gepstein et al., “A Novel Method for Nonfluoroscopic Catheter-
Based Electroanatomical Mapping of the Heart”, Circulation 95:1611-
1622, 1997.

Gitosusastro et al., Performance Derivative Calculations and Opti-
mization Process, IEEE Transactions on Magnetics, vol. 25, No. 4
(Jul. 1989) pp. 2834-2839.

Hansen: Rank-Deficient and Discrete III-Posed Problems: Numeri-
cal Aspects of Linear Inversion, SIAM, Philadelphia, USA, pp.
100-103, 1998.

He, Ye H. et al., “An Interactive Graphical System for Automated
Mapping and Display of Cardiac Rythms”, Journal of Electrocardiol-
ogy, vol. 32, No. 3, 1999, 17 pages.

He, Ye H., “An interactive graphical system for automated mapping
and display of cardiac thythms”, Journal of Electrocardiology, vol.
32, No. 3, Jul. 1, 1999, pp. 225-241.

Holm, Magnus et al. A New Method for Analysis of Atrial Activa-
tion During Chronic Atrial Fibrillation in Man. IEEE Transactions
on Biomedical Engineering, 43(2): 198-210, Feb. 1996.

Huang, Yi-Chih ct al., “Development of a Third Generation
Intraventricular Impedance Imaging (III) System: Evaluation of
Hardware Design”, Engineering in Medicine and Biology Society,.
Proceedings of the 19th Annual International Conference of the
IEEE, Oct. 30-Nov. 2, 1997 vol. 6, pp. 336-338 (1997).
International Preliminary Report on Patentability in PCT/US2007/
070854, dated Dec. 16, 2008, 9 pages.

International Preliminary Report on Patentability in PCT/US2009/
061277, dated May 3, 2011 11 pages.

International Preliminary Report on Patentability in PCT/US2010/
027568 dated Oct. 25, 2011, 4 pages.

International Preliminary Report on Patentability issued in PCT/
US2008/052385 dated Aug. 11, 2009, 6 pages.

International Preliminary Report on Patentability issued in PCT/
US2009/036099, dated Oct. 14, 2010, 20 pages.

International Preliminary Report on Patentability issued in PCT/
US2010/027436, dated Nov. 9, 2011, 4 pages.

International Preliminary Report on Patentability issued in PCT/
US2014/000114, dated Nov. 26, 2015, 9 pages.

International Preliminary Report on Patentability issued in PCT/
US2014/036939, dated Nov. 19, 2015, 8 pages.

International Preliminary Report on Patentability issued in PCT/
US2015/0017289 dated Sep. 15, 2016, 8 pages.

International Preliminary Report on Patentability issued in PCT/
US2015/017482 dated Sep. 15, 2016, 4 pages.

International Search Report and the Written Opinion in PCT/US08/
52385 dated Aug. 8, 2008, 11 pages.

International Search Report and Written Opinion in PCT/US2010/
027568, dated Nov. 4, 2010, 6 pages.

International Search Report and Written Opinion in PCT/US2012/
020946, dated May 7, 2012, 15 pages.

International Search Report and Written Opinion issued in PCT/
US2007/070854, dated Sep. 12, 2008, 10 pages.

International Search Report and Written Opinion issued in PCT/
US2009/036099, dated Apr. 28, 2009, 21 pages.

International Search Report and Written Opinion issued in PCT/
US2009/061277, dated Apr. 8, 2010, 12 pages.

International Search Report and Written Opinion issued in PCT/
US2010/027436 dated Oct. 27, 2010, 10 pages.

International Search Report and Written Opinion issued in PCT/
US2014/000114, dated Sep. 8, 2014, 12 pages.

International Search Report and Written Opinion issued in PCT/
US2014/036939, dated Jul. 30, 2014, [1lpages.



US 10,405,771 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Wittkampf et al., “Localisa: New Technique for Real-Time 3-Di-
mensional Localization of Regular Intracardiac Electrodes”, Circu-
lation, 99:1312-1317, 1999.

Yezzi, Anthony et al., “A Geometric Snake Model for Segmentation
of Medical Imagery”, IEEE Transactions on Medical Imag, vol. 16,
No. 2, Apr. 1997.

International Search Report and Written Opinion issued in PCT/
US2015/017289, dated May 6, 2015, 10 pages.

International Search Report and Written Opinion issued in PCT/
US2015/017482, dated Jun. S, 2015, 9 pages.

Jain et al., “Cell Therapy Attenuates Deleterious Ventricular Remod-
eling and Improves Cardiac Performance after Myocardial Infarc-
tion”, Circulation, 103:1920-1927, 2001.

Jalife, “Rotors and Spiral Waves in Atrial Fibrillation”, Journal of
Cardiovascular Electrophysiology, 14:776-780, 2003.

Jane et al., “Alignment Methods for Averaging of High-Resolution
Cardiac Signals: A Comparative Study of Performance”, IEEE
Transactions on Biomedical Engineering, 38(6):571-579, 1991.
Japanese Office Action in JP Application No. 2009-515586, dated
Jun. 26, 2012, 4 pages (0002JP1).

Jia et al., “Electrophysiologic Endocardial Mapping from a Noncontact
Nonexpandable Catheter: A Validation Study of a Geometry-Based
Concept”. Journal of Cardiovascular Electrophysiology, 11:1238-
1251, 2000.

Kikuchi et al., “Targeted Modification of Atrial Electrophysiology
by Homogeneous Transmural Atrial Gene Transfer”, Circulation,
111:264-270, 2005.

Kistler et al., “Validation of Three-Dimensional Cardiac Image
Integration: Use of Integrated CT Image into Electroanatomic
Mapping System to Performa Catheter Ablation of Atrial Fibrilla-
tion”, Journal of Cardiovascular Electrophysiology, 17:341-348,
2006.

Kuklik et al., “The reconstruction, from a set of points, and analysis
of the interior surface of the heart chamber”, Physiol. Meas.
25:617-627, 2004,

Kun, Stevan et al., “Conductance Volumetric Model of an Eccen-
trically Positioned Catheter Wthin a Three-Compartment Ellipsoi-
dal Ventricle”, IEEE Transactions on Biomedical Engineering, vol.
40, No. 6, Jun. 1993, pp. 589-592.

L. Piegl, W. Tiller: The NURBS Book, 2nd Edition, Monographs in
Visual Communication, Springer (1997).

Laciar et al., Improved Alignment Method for Noisy High-
Resolution ECG and Holter Records Using a Multiscale Cross-
Correlation, IFEE Transactions on Biomedical Engineering, 50(3),
pp, 344-353, 2003.

Liu et al., “Endocardial Potential Mapping from a Noncontact
Nonexpandable Catheter: A Feasibility Study”, Annals of Biomedi-
cal Engineering, 26:994-1009, 1998.

Lorensen et al. “Marching Cubes: A High Resolution 3D Surface
Construction Algorithm”, Computer Graphics, 21(4)163-169, Jul.
1987.

Makela et al., “A Review of Cardiac Image Registration Methods”,
IEEE Transactions on Medical Imaging, 21(9):1011-1021, Sep.
2002.

Malladi, R. et al., “A Geometric Approach to Segmentation and
Analysis of 3D Medical Images”, Mathematical Methods in Bio-
medical Image Analysis, Proceedings of the Workshop on, Jun.
21-22, 1996, pp. 244-252.

Mangan, Alan et al., “Partitioning 3D Surface Meshes Using
Watershed Segmentation”, IEEE Transactions on Visualization and
Computer Graphics, vol. 05, No. 4, pp. 308-321, (Oct.-Dec. 1999).
Meininger et al., “Initial Experience with a Novel Focused Ultra-
sound Ablation System for Ring Ablation Outside the Pulmonary
Vein”, Journal of Interventional Cardiac Electrophysiology, 8:141-
148, 2003.

Merrill, Daniel R. et al., “Electrical stimulation of excitable tissue:
design of efficacious and safe protocols”, Journal of Neuroscience
Methods, vol. 141, pp. 171-198 (2005).

Miller, “Editor’s Forum—Application of Registration for Ablation:
A Marriage of Technologies”, Journal of Interventional Cardiac
Electrophysiology, 11:87-89, 2004.

Nademanee et al., “A New Approach for Catheter Ablation of Atrial
Fibrillation: Mapping of the Electrophysiologic Substrate”, Journal
of the American College of Cardiology, 43(11):2044-2053, 2004.
Non-final Office Action issued in U.S. Appl. No. 11/451,898, dated
Sep. 25, 2008, 13 pages.

Non-final Office Action issued in U.S. Appl. No. 11/451,908, dated
Sep. 4, 2008, 12 pages.

Noseorthy et al., “The Impact of Respiration on Left Atrial and
Pulmonary Venous Anatomy: Implications for Image-Guided Inter-
vention”, Heart Rhythm, 2(11), pp. 1173-1178, Nov. 2005.
Pappone et al., “Robotic Magnetic Navigation for Atrial Fibrillation
Ablation”, Journal of the American College of Cardiology, 47(7): 1390-
1400, 2006.

Paragios, “A Level Set Approach for Shape-Driven Segmentation
and Tracking of the Left Ventricle”, IEEE Transactions on Medical
Imaging, 22(6):773-776, Jun. 2003.

Persson et al., “A Simple Mesh Generator in MATLAB”, SIAM
Review, 46(2):329-345, 2004.

Persson, “Mesh Generation for implicit Geometries”, Massachu-
setts Institute of Technology—Thesis, Feb. 2005.

Pham, Dzung et al., “Current Methods in Medical Image Segmen-
tation”, Annu. Rev. Biomed. Eng., 02: pp. 315-337, (2000).

Rao et al., “Novel Noncontact Catheter System for Endocardial
Flectrical and Anatomical Imaging”, Annals of Biomedical Engi-
neering, 32(4):573-584, 2004.

Reddy et al., “Integration of Cardiac Magnetic Resonance Imaging
With Three-Dimensional Electroanatomic Mapping to Guide Left
Ventricular Catheter Manipulation—Feasibility in a Porcine Model
of Healed Myocardial Infarction”, Journal of the American College
of Cardioclogy, 44(11):2202-2213, 2004.

Reddy et al., “Use of a Diode Laser Balloon Ablation Catheter to
Generate Circumferential Pulmonary Venous Lesions in an Open-
Thoracotomy Caprine Model”, PACE, 27:52-57, 2004.

Sanders et al., “Spectral Analysis Identifies Sites of High-Frequency
Activity Maintaining Atrial Fibrillation in Humans”, Circulation,
112:789-797, 2005.

Sethian, “Level Set Methods and Fast Marching Methods: Evolving
Interlaces in Computational Geometry, Fluid Mechanics, Computer
Vision, and Materials Science”, Department of Mathematics—
University of California, Berkeley, Cambridge University Press,
1999.

Simon et al., “Electroanatomic Mapping of the Right Atrium With
a Right Atrial Basket Catheter and Three-Dimensional Intracardiac
Echocardiography”, PACE, 27:318-326, 2004.

Smits et al., “Catheter-Based Intramyocarial Injection of Autologous
Skeletal Myoblasts as a Primary Treatment of Ischemic Heart
Failure”, Journal of the American College of Cardiology, 42(12):2063-
2069, 2003.

Solomon et al., “Real-Time Cardiac Catheter Navigation on Three-
Dimensional CT Images”, Journal of Interventional Cardiac
Electrophysiology, 8:27-36, 2003.

Sraet al., “Registration of Three-Dimensional Left Atrial Computed
Tomographic Images With Projection Images Obtained Using Fluo-
roscopy”, Circulation, 112:3763-3768, 2005.

Sra, Jasbir et al, “Registration of 3D Computed Tomographic
Images With Interventional Systems: Implications for Catheter
Ablation of Atrial Fibrillation”, J Interv Card Electrophysiol, 16:141-
148, 2006.

Stevenson, “Radiofrequency Catheter Ablation of Ventricular Tachy-
cardia After Myocardial Infarction”, Circulation, 98:308-314, 1998.
Supplemental European Search Report issued in EP App[lication
10772414.8, dated May 7, 2013, 6 pages.

Supplemental European Search Report issued in EP Application No.
09824015, dated Jun. 1, 2012, 7 pages.

Supplementary European Search Report issued in EP Applicaion
No. 09727423, dated May 15, 2012, 5 pages.

Supplementary European Search Report issued in EP Application
No. 07798369.0 dated Jul. 30, 2010, 6 pages.

Supplementary European Search Report issued in EP Application
No. 08728501, dated Feb. 25, 2012, 4 pages.



US 10,405,771 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Taccardi et al., “A New Intracavitary Probe for Detecting the Site of
the Origin of Ectopic Ventricular Beats During One Cardiac Cycle”,
Circulation, 75(1):272-281, 1987.

Thal et al., “Novel Applications in Catheter Ablation”, Journal of
Interventional Cardiac Electrophysiology. 13:17-21, 2005.
Thiagalingam et al., “Noncontact Mapping of the Left Ventricle:
Insights from Validation With Transmural Contact Mapping”, PACE,
27:570-578, 2004.

Voth, “The Inverse Problem of Electrocardiography: Industrial
Solutions and Simulations”, BEM and NFSI Conference Proceed-
ings, Minneapolis, MN, May 12-15, 2005, pp. 191-194.



US 10,405,771 B2

Sheet 1 of 11

Sep. 10, 2019

U.S. Patent

"
&

.'s
» N

AT
e
-
Ko

v

od

T actantd
¥ E‘\ LA

p
b

o

-\‘,
&

&

gy Ve -

bt
prerrnrsiSeessn i’

ponsresnanansnasenace Sursorsossogssed

A

grocereressrsisrsesescscire -

L N

p—

H

“vvrororrrrrrrrrrsrrrrr .,

.......................... i

S

e

o



US 10,405,771 B2

Sheet 2 of 11

Sep. 10,2019

U.S. Patent

\k\\\»x\ - P
O &) £
P 8

S acd

i i

o ¢ “

3

;
N
IS
N3

\.w\ﬁ-\..w.\.n...-“.. R

Lso
botd

R

5 o
R 2 R oot -
e e, ; : i ...
I 0 ; A, A
7%, e, . 2 ;
44 Yo S, ", N °
s 270 XA \ e i D D e >
,_n \ .m x.v. o s \“ Frogecriseiiiinoesonsiesidaraiasios
gt . ot P "
K Ly s, i B g,

58 7

s M. e wv.f,.\.!\\. -,

~

0 St o e \.\‘ : ..
St mip e i PO T g - 91 .\m .,
H 7R, \ = o = :
wr s £33

s

] ron
vpwnie rovd q
* K —
oo o
7 P
P I _
9y f e
ol j
spren % m g
‘ 77 4
Lt rges i /
. £
oo st



US 10,405,771 B2

Sheet 3 of 11

Sep. 10, 2019

U.S. Patent

HE i

.

\S\\;r.g\ N - 222
g
\ww%,.\:i\z e £
; -
W o 3

W Ty W 4

PRkt
Tk w“\\w m\\w \\w\



D Ol

US 10,405,771 B2

Sheet 4 of 11

Sep. 10, 2019

U.S. Patent

r MG

A tn 7
GV
oy sy, \\
@\\.\\»\w s R e

ek, e

o

PP o




US 10,405,771 B2

Sheet 5 of 11

Sep. 10, 2019

U.S. Patent

oy P

DoiZiolieie

7
?

1 D

Waw ﬁﬁﬁ

tries
e

]




US 10,405,771 B2

Sheet 6 of 11

Sep. 10, 2019

U.S. Patent

*

\iﬁxx.m«w»»x&u‘o»kwxxsa&m»xxux««eoesssau»msxuax»
%

COLTASTIONGY

st

wenyed
RIS 1

temenrouranss

B BERA LA BB EBAUREAR R RLONEL RS ®

ﬁ&w,m»w s

LTI

V53 xo ‘.wnw@.xxw

XurPoenn

AUGCIMCRBRET D RE SRR R KGO D% o,

AN B Y CI R AL

“wl
]

yrecoracso

£314

st

h

k'**‘bﬁ!i‘!&&\!ﬁ&?&?&&&86@?‘23&0{&\\’@1&‘0\‘7@81‘58&?ﬂR&ﬂf“

e e
e -,

P

wzayyed wonss

wﬁﬁ A3 mw\u eumwﬁ 3 \,
§77%4

TEIEN,]

e

foere,,

HESTUBINS BT

Sy,

N




US 10,405,771 B2

Sheet 7 of 11

Sep. 10, 2019

U.S. Patent

m.QM .

i

s R
> @
\
.
EAN
{od )
Ry

A k) »
ENPISaY 8ourIsIC
,ﬁ» Y
WO Wi e

BIUSPYUOD o




US 10,405,771 B2

Sheet 8 of 11

Sep. 10, 2019

U.S. Patent

DA
s

g
w\m, <

S

5
e
Lot
o
-

K

- ﬁn W L4 ,mmw M\M %\w
a1l



US 10,405,771 B2

Sheet 9 of 11

Sep. 10, 2019

U.S. Patent

i 0L 0l

At
h Naad

g e

\x..\.\mm..\\\\\o;uw.‘-...w\.,.nw.;.ec.
., s

e, .\\, .,

S H\.\.. e

'

SUPUUOIR APt

.

pe

S,

PRt
S
B

S nmne g

r

\‘
o

e SRS

- e,
-/ WL
L

o T




U.S. Patent Sep. 10, 2019 Sheet 10 of 11 US 10,405,771 B2

RNy

N

¥
3
g

{03,



Ool 9Did

US 10,405,771 B2

o

P

Sheet 11 of 11

i

2

Sep. 10, 2019

-

g% 134

Loty ey 1o 2
SERPAMUS

155

[
e

EErs
i

el Ol

e

&

i3

Q
Sophreay,

U.S. Patent

",

i

e

i
v E
i )
¥

=

e,

S

P

e ol

e

sl i

Yol Oid



US 10,405,771 B2

1
IMPEDANCE BASED ANATOMY
GENERATION

CROSS-REFERENCE TO RELATED
APPLICATION

This is a continuation of U.S. application Ser. No. 14/259,
384, filed Apr. 23, 2014, which is a continuation of U.S.
application Ser. No. 13/495,541, filed Jun. 13, 2012, now
U.S. Pat. No. 8,744,566, which is a continuation of U.S.
application Ser. No. 12/437,812, filed May 8, 2009, now
U.S. Pat. No. 8,571,647. All subject matter set forth in the
above referenced application is hereby incorporated by
reference into the present application as if fully set forth
herein.

TECHNICAL FIELD

This invention relates to the determination and represen-
tation of anatomical information and/or physiological infor-
mation relating to a heart using, e.g., a non-contact catheter.

BACKGROUND

Use of minimally invasive procedures, such as catheter
ablation, to treat a variety of heart conditions, such as
supraventricular and ventricular arrhythmias, is becoming
increasingly more prevalent. Such procedures involve the
mapping of electrical activity in the heart (e.g., based on
cardiac signals), such as at various locations on the endo-
cardium surface (“cardiac mapping”), to identify the site of
origin of the arrhythmia followed by a targeted ablation of
the site. To perform such cardiac mapping a catheter with
one or more electrodes can be inserted into the patient’s
heart chamber.

Conventional 3D mapping techniques include contact
mapping and non-contact mapping. In contact mapping
techniques one or more catheters are advanced into the heart.
Physiological signals resulting from the electrical activity of
the heart are acquired with one or more electrodes located at
the catheter distal tip after determining that the tip is in
stable and steady contact with the endocardium surface of a
particular heart chamber. Location and electrical activity is
usually measured sequentially on a point-by-point basis at
about 50 to 200 points on the internal surface of the heart to
construct an electro-anatomical depiction of the heart. The
generated map may then serve as the basis for deciding on
a therapeutic course of action, for example, tissue ablation,
to alter the propagation of the heart’s electrical activity and
to restore normal heart rhythm. On the other hand, in
non-contact-based mapping systems a multiple electrodes
catheter is percutaneously placed in the heart chamber of
interest. Once in the chamber, the catheter is deployed to
assume a 3D shape. Using the signals detected by the
non-contact electrodes and information on chamber
anatomy and relative electrode location, the system provides
physiological information regarding the endocardium of the
heart chamber.

SUMMARY

In some aspects, a method includes inserting a catheter
into a heart, the catheter comprising three or more elec-
trodes. The method also includes moving the catheter to
each of multiple, different positions in the heart. The method
also includes for each of the different catheter positions,
causing current to flow between at least some of the elec-
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trodes and in response to current flow, measuring an elec-
trical signal at each of one or more of the electrodes. The
method also includes determining anatomical information
about the heart based on positions of the catheter electrodes
and the measured signals at the different catheter positions.

Embodiments can include one or more of the following.

The determination of the anatomical information accounts
for a change in conductivity at the cardiac chamber bound-
ary. The determination accounts for a first conductivity
inside the cardiac chamber boundary and a second conduc-
tivity outside the cardiac chamber boundary. Determining
the anatomical information can include determining the
anatomical information based at least in part on impedance
information generated based on the measured signals at the
different catheter positions. The impedance information is
based on a conductivity contrast between blood and sur-
rounding tissue.

The anatomical information can include a representation
of at least a portion of a boundary of the heart.

Determining the anatomical information can include
detecting a boundary of the heart. Determining the anatomi-
cal information can include, for each of the different catheter
positions, determining a surface based on the measured
signals, the surface representing a surface at which the
conductivity changes. The surface can be a closed and
parameterized surface around at least a portion of the
catheter. The surface can be an ellipsoid. The surface can be
a curvilinear surface. The surface can provide a boundary
between a region represented by a first conductivity inside
the surface and a region represented by a second conduc-
tivity outside the surface, the first conductivity being dif-
ferent from the second conductivity.

Determining the anatomical information can include, for
each of the determined surfaces selecting one or more
regions of the surface corresponding to a boundary of a
portion of the heart.

Selecting the one or more regions can include selecting
the one or more regions based at least in part on a distance
between a portion of the surface and the catheter. Selecting
the one or more regions can include selecting the one or
more regions based at least in part on a magnitude of a
distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium. Select-
ing the one or more regions can include selecting the one or
more regions based at least in part on an error calculation in
an optimization used to generate the surface. Determining
the anatomical information can include joining the regions
of the determined surfaces corresponding to an expected
chamber boundary to generate the anatomical information.
Joining the regions can include using a meshing algorithm.

The method can also include using the multiple electrodes
on the catheter to measure cardiac signals at the catheter
electrodes in response to electrical activity in the heart.

The method can also include determining physiological
information at multiple locations of the boundary of the
heart based on the determined positions of the catheter
electrodes and the measured cardiac signals at the different
catheter positions.

The method can also include using one or more electrodes
on the catheter for delivering ablation energy for ablating
tissue.

Determining the anatomical information based on the
measured signals from the one or more electrodes can
include distinguishing electrical signals indicative of cardiac
electrical activity from those responsive to the injected
current.
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The method can also include displaying at least a portion
of the anatomical information. Displaying at least a portion
of the anatomical information can include displaying at least
a portion of the boundary of the heart.

In some additional aspects, a method can include inserting
a catheter into a heart, the catheter comprising multiple,
spatially distributed electrodes including multiple sets of
electrodes each set comprising at least two electrodes. The
method can also include for each of the multiple different
sets of electrodes, causing current to flow between at least
some of the electrodes and in response to current flow,
measuring an electrical signal at each of one or more
measuring electrodes. The method can also include deter-
mining anatomical information based on the measured sig-
nals.

Embodiments can include one or more of the following.

The determination of the anatomical information can
account for a change in conductivity at the cardiac chamber
boundary.

The determination can account for a first conductivity
inside the cardiac chamber boundary and a second conduc-
tivity outside the cardiac chamber boundary.

Determining the anatomical information can include
determining the anatomical information based at least in part
on impedance information generated based on the measured
signals. The impedance information can be based on a
conductivity contrast between blood and surrounding tissue.
The anatomical information can include a representation of
at least a portion of a boundary of the heart.

Determining the anatomical information can include
detecting a boundary of the heart. Determining the anatomi-
cal information can include determining a surface based on
the measured signals, the surface representing a surface at
which the conductivity value changes. The surface can be a
closed and parameterized surface around at least a portion of
the catheter. The surface can be an ellipsoid. The surface can
be a curvilinear surface. The surface can provide a boundary
between a region represented by a first conductivity inside
the surface and a region represented by a second conduc-
tivity outside the surface, the first conductivity being dif-
ferent from the second conductivity.

Determining the anatomical information can include for
each of the determined surfaces selecting one or more
regions of the surface corresponding to an expected bound-
ary of the heart. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on a distance between a portion of the surface and the
catheter. Selecting the one or more regions can include
selecting the one or more regions based at least in part on a
magnitude of a distortion field, the distortion field being
based at least in part on a difference between a field
calculated based on the measurements and a field in a
homogonous medium. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on an error calculation in an optimization used to
generate the surface.

Determining the anatomical information can include join-
ing the regions of the determined surfaces corresponding to
an expected chamber boundary to generate the anatomical
information. Joining the regions can include using a mesh-
ing algorithm.

The method can also include using the multiple electrodes
on the catheter to measure cardiac signals at the catheter
electrodes in response to electrical activity in the heart.

The method can also include determining physiological
information at multiple locations of the boundary of the
heart based on positions of the catheter electrodes and the
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measured cardiac signals. The method can also include using
one or more electrodes on the catheter for delivering abla-
tion energy for ablating tissue.

Determining the anatomical information based on the
measured signals from the one or more electrodes can
include distinguishing electrical signals indicative of cardiac
electrical activity from those responsive to the injected
current.

The method can also include displaying at least a portion
of the anatomical information.

In some aspects, a method includes inserting a catheter
into a heart, the catheter comprising three or more elec-
trodes. The method also includes causing current to flow
between at least some of the electrodes and in response to
current flow, measuring an electrical signal at each of one or
more of the electrodes. The method also includes determin-
ing a boundary of at least a portion of the heart based on the
measured electrical signals. The method also includes dis-
playing a portion of less than the entire boundary of the
heart.

Embodiments can include one or more of the following.

The method can also include measuring cardiac signals at
the catheter electrodes in response to electrical activity in the
heart and determining physiological information at multiple
locations of the boundary of the heart based the measured
cardiac signals.

The method can also include displaying the physiological
information at multiple locations of the boundary of the
heart.

The method can also include displaying the physiological
information at multiple locations of the boundary of the
heart for only a determined valid area. Displaying the
boundary can include displaying the boundary for a portion
of less than all of the heart.

The determination of the boundary can accounts for a
change in conductivity at the cardiac chamber boundary. The
determination can account for a first conductivity inside the
cardiac chamber boundary and a second conductivity out-
side the cardiac chamber boundary.

Determining the boundary can include determining the
anatomical information based at least in part on impedance
information generated based on the measured signals. The
impedance information can be based on a conductivity
contrast between blood and surrounding tissue.

Determining the boundary can include determining a
surface based on the measured signals, the surface repre-
senting a surface at which the conductivity value changes.
The surface can be a closed and parameterized surface
around at least a portion of the catheter. The surface can
provide a boundary between a region represented by a first
conductivity inside the surface and a region represented by
a second conductivity outside the surface, the first conduc-
tivity being different from the second conductivity.

Determining the anatomical information can include for
each of the determined surfaces selecting one or more
regions of the surface corresponding to an expected bound-
ary of the heart. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on a distance between a portion of the surface and the
catheter. Selecting the one or more regions can include
selecting the one or more regions based at least in part on a
magnitude of a distortion field, the distortion field being
based at least in part on a difference between a field
calculated based on the measurements and a field in a
homogonous medium. Selecting the one or more regions can
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include selecting the one or more regions based at least in
part on an error calculation in an optimization used to
generate the surface.

Determining the anatomical information can include join-
ing the regions of the determined surfaces corresponding to
an expected chamber boundary to generate the anatomical
information.

The method can also include determining a valid area of
the boundary and using a visual indicia to indicate the
determined valid area of the boundary.

Displaying the portion of less than the entire boundary of
the heart can include using a visual indicia to indicate a valid
area of the boundary.

The method can also include determining a valid area of
the boundary. Displaying the portion of less than the entire
boundary of the heart comprises using a visual indicia to
indicate the determined valid area of the boundary.

In some aspects, a system includes a catheter comprising
one or more electrodes configured to inject a current and to
measure electrical signals in response to the injected current.
The system also includes a device configured to determine
a position of the catheter electrodes. The system also
includes a processing unit configured to determine anatomi-
cal information about the heart based on positions of the
catheter electrodes and measured electrical signals at differ-
ent catheter positions.

Embodiments can include one or more of the following.

The processing unit can be configured to account for a
change in conductivity at a cardiac chamber boundary in the
determination of the anatomical information.

The processing unit can be configured to account for a
first conductivity inside the cardiac chamber boundary and
a second conductivity outside the cardiac chamber bound-
ary.

The processing unit can be configured to determine the
anatomical information based at least in part on impedance
information. The impedance information can be based on a
conductivity contrast between blood and surrounding tissue.

The anatomical information can include a representation
of at least a portion of a boundary of the heart.

The processing unit can be configured to determine the
anatomical information by determining a surface based on
the measured signals, the surface representing a surface at
which the conductivity changes.

The processing unit can be configured to, for each of the
determined surfaces, select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

The processing unit can be configured to select the one or
more regions based at least in part on a distance between a
portion of the surface and the electrodes.

The processing unit can be configured to select the one or
more regions based at least in part on a magnitude of a
distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.

The processing unit can be configured to select the one or
more regions based at least in part on an error calculation in
an optimization used to generate the surface.

The processing unit can be configured to join the regions
of the determined surfaces corresponding to an expected
chamber boundary to generate the anatomical information.

The multiple electrodes can be further configured to
measure cardiac signals in response to electrical activity in
the heart.
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The processing unit can be configured to determine physi-
ological information at multiple locations of the boundary of
the heart based on positions of the catheter electrodes and
measured cardiac signals.

In some aspects, a system includes a catheter comprising
multiple, spatially distributed electrodes including multiple
sets of electrodes each set comprising at least two electrodes,
the electrodes being configured to inject a current and to
measure electrical signals in response to the injected current.
The system also includes a processing unit configured to
determine anatomical information about the heart based on
the measured signals.

Embodiments can include one or more of the following.

The processing unit can be configured to account for a
change in conductivity at the cardiac chamber boundary in
the determination of the anatomical information.

The processing unit can be configured to account for a
first conductivity inside the cardiac chamber boundary and
a second conductivity outside the cardiac chamber bound-
ary.

The processing unit can be configured to determine the
anatomical information based at least in part on impedance
information generated based on the measured signals at the
different catheter positions.

The impedance information can be based on a conduc-
tivity contrast between blood and surrounding tissue.

The anatomical information can include a representation
of at least a portion of a boundary of the heart.

The processing unit can be configured to determine the
anatomical information by determining a surface based on
the measured signals, the surface representing a surface at
which the conductivity changes.

The processing unit can be configured to, for each of the
determined surfaces, select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

The processing unit can be configured to select the one or
more regions based at least in part on a distance between a
portion of the surface and the catheter.

The processing unit can be configured to select the one or
more regions based at least in part on a magnitude of a
distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.

The processing unit can be configured to select the one or
more regions based at least in part on an error calculation in
an optimization used to generate the surface.

The processing unit can be configured to join the regions
of the determined surfaces corresponding to an expected
chamber boundary to generate the anatomical information.

The electrodes on the catheter can be further configured to
measure cardiac signals in response to electrical activity in
the heart.

The processing unit can be configured to determine physi-
ological information at multiple locations of the boundary of
the heart based on the determined positions of the catheter
electrodes and the measured cardiac signals.

In some aspects, a system includes a catheter that includes
two or more electrodes configured to inject a current and to
measure electrical signals. The system also includes a pro-
cessing unit configured to determine a boundary of at least
a portion of the heart based on the measured electrical
signals and a display device configured to display a portion
of less than the entire boundary of the heart.

Embodiments can include one or more of the following.

The two or more electrodes can be further configured to
measure cardiac signals in response to electrical activity in
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the heart and the processing unit can be further configured
to determine physiological information at multiple locations
of the boundary of the heart based the measured cardiac
signals.

The display device can be further configured to display
the physiological information at multiple locations of the
boundary of the heart.

The system can be configured to display the physiological
information at multiple locations of the boundary of the
heart for only the determined valid area.

The processing unit can be configured to account for a
change in conductivity at the cardiac chamber boundary in
the determination of the boundary.

The processing unit can be configured to account for a
first conductivity inside the cardiac chamber boundary and
a second conductivity outside the cardiac chamber bound-
ary.

The processing unit can be configured to determine the
boundary based at least in part on impedance information
generated based on the measured signals at the different
catheter positions.

The impedance information can be based on a conduc-
tivity contrast between blood and surrounding tissue.

The processing unit can be configured to determine the
boundary by determining a surface based on the measured
signals, the surface representing a surface at which the
conductivity changes.

The processing unit can be configured to for each of the
determined surfaces select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

The processing unit can be configured to select the one or
more regions based at least in part on a distance between a
portion of the surface and the catheter.

The processing unit can be configured to select the one or
more regions based at least in part on a magnitude of a
distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.

The processing unit can be configured to select the one or
more regions based at least in part on an error calculation in
an optimization used to generate the surface.

The processing unit can be configured to join the regions
of the determined surfaces corresponding to an expected
chamber boundary to generate the anatomical information.

The two or more electrodes can be further configured to
measure cardiac signals in response to electrical activity in
the heart.

The processing unit can be configured to determine physi-
ological information at multiple locations of the boundary of
the heart based on the determined positions of the catheter
electrodes and the measured cardiac signals.

Embodiments of the system may also include devices,
software, components, and/or systems to perform any fea-
tures described above.

Embodiments of the methods and systems generally dis-
closed herein can be applied to determining the position of
any object within an organ in a patient’s body such as the
patient’s heart, lungs, brain, or liver.

As used herein, the “position” of an object means infor-
mation about one or more of the 6 degrees of freedom that
completely define the location and orientation of a three-
dimensional object in a three-dimensional coordinate sys-
tem. For example, the position of the object can include:
three independent values indicative of the coordinates of a
point of the object in a Cartesian coordinate system and three
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independent values indicative of the angles for the orienta-
tion of the object about each of the Cartesian axes; or any
subset of such values.

As used herein, “heart cavity” means the heart and
surrounding tissue.

As used herein, the “anatomical information” means
information about an anatomy of an organ, information
about a boundary of an organ, and/or information about an
anatomy for ablation.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. In case of conflict with documents incor-
porated herein by reference, the present document controls.

The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary schematic diagram of an arrange-
ment for positioning electrodes in a patient’s heart.

FIGS. 2a-2¢ show perspective, end, and side views,
respectively, of a deployed catheter with multiple current
injection electrodes (CIE) and multiple potential measuring
electrodes (PME).

FIGS. 3A and 3B are schematic diagrams of two current
injection electrodes (CIE) pair constellations.

FIGS. 4A-4E are schematic diagrams of a process for
generating anatomical information including a reconstructed
anatomy.

FIG. 5 is a schematic diagram of a model for determining
a parameterized surface.

FIG. 6 is a schematic diagram of a process for determin-
ing a parameterized surface.

FIG. 7 is an exemplary graph of a confidence model.

FIG. 8 is a schematic diagram of a dipole at a distance
from an infinite plane.

FIG. 9 is a schematic diagram of a partial boundary
determination.

FIG. 10 1is a schematic diagram of an ellipsoidal local
parameterized surface.

FIG. 11 is a schematic diagram of a curvilinear local
parameterized surface.

FIG. 12 is a schematic diagram of valid patches relative
to a catheter location.

FIGS. 13A-13D show exemplary anatomical information.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Embodiments disclosed herein include a method and
system for generating patient specific anatomical informa-
tion such as cardiac anatomy. The patient specific cardiac
anatomy can be used, for example, during the generation of
an electroanatomical map (EAM) of heart tissue which can
be used to identify the site of origin of an arrhythmia
followed by a targeted ablation of the site. While patient
specific anatomy is a necessary component in the generation
of an EAM for the catheter ablation treatment of arrhythmia,
accurate representation of cardiac anatomy is useful for
other medical applications such as congestive heart failure,
injection of biologics into the heart and scar tissue, anatomi-
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cal guidance of biopsies, minimally invasive valve repair
and replacement, and the like.

Embodiments disclosed herein include methods and sys-
tems for generating anatomical information including
patient specific anatomy by deriving impedance based infor-
mation from a tracked multi-electrode array (MEA) catheter.
FIG. 1 shows a schematic diagram of an exemplary embodi-
ment of an anatomy generation system 200. The system 200
includes a moveable catheter 210 having multiple spatially
distributed electrodes (described below). During the
anatomy generation process, a physician or medical profes-
sional 202 insetrts the catheter 210 into a chamber of interest
(e.g., the heart 212) of a patient 214. The catheter 210 is
displaced to one or multiple locations within the chamber of
interest (e.g., the heart 212). In some embodiments, the
distal end of the catheter 210 is fitted with multiple elec-
trodes spread somewhat uniformly over the catheter (e.g., as
described in more detail below). The catheter 210 includes
both current injection electrodes (CIE) and potential mea-
suring electrodes (PME). In the example of anatomy gen-
eration for the heart chamber, due to the conductivity
contrast between blood and the myocardium and surround-
ing tissue, the measurements collected by the catheter 210
can be analyzed to detect chamber boundary in the vicinity
of the catheter 210. In order to reconstruct the chamber
anatomy, system 200 includes a processing unit 206 which
performs operations pertaining to anatomy determination
based on a location of the catheter 210 (e.g., a location
provided by a tracking system) and the measurements from
the electrodes on the catheter 210. As the tracked catheter
210 is moved inside the chamber, a partial or complete
representation of the chamber anatomy is constructed. For
example, a representation of the boundary of the chamber
can be constructed. The chamber anatomy 208 can be
displayed on a display device 204 which is connected to the
processing unit 206. In addition, embodiments disclosed
herein include methods and systems for generating an EAM
using the generated anatomy.

In addition, embodiments disclosed herein include meth-
ods and systems for generating partial chamber boundary
EAM. The partial chamber boundary EAM provides physi-
ological information about a portion (e.g., a portion of less
than the entire) of a chamber such as the heart. Partial
chamber boundary EAM can be useful to quickly obtain an
EAM in a known area of interest. The construction of partial
EAM is enabled by the ability to reconstruct the anatomy of
a part of the chamber coupled with knowledge of valid and
invalid zones obtained by using the disclosed impedance
scheme.

As described herein, due to the conductivity contrast
between blood and the myocardium and surrounding tissue,
measurements collected by catheter 210 located inside the
heart 212 of a patient 214 can be analyzed to detect a
chamber boundary in the vicinity of the catheter 212. These
measurements can be used to generate anatomical informa-
tion representing the anatomy of the heart. Other exemplary
methods for generating an anatomy of the heart (or other
organ) include point collection, ultrasound, rotational
angiography, computed tomography (CT) and magnetic
resonance (MR). In general, point collection is a method in
which a tracked catheter is moved inside the heart and
numerous catheter locations are collected. Over time the
outline of the heart is traced based on the collection of
points. Exemplary drawbacks of point collection for gen-
eration of an anatomy can include that the process is time
consuming and can suffer from limited accuracy and uncer-
tainty. Ultrasound is a method in which a tracked intra
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cardiac ultrasound/echo catheter is moved inside the heart,
the 2D images collected with the catheter are segmented to
identify chamber boundary and combined using the 3D
tracking data. Exemplary drawbacks of ultrasound for gen-
eration of an anatomy can include that the process can be
time consuming, segmentation is manual, and a proprietary
ultrasound catheter must be introduced into the organ solely
for determining anatomy. Rotational Angiography is a
method in which a contrast agent is injected into chamber of
interest and a fluoroscopy c-arm is rotated to obtain volu-
metric representation. Segmentation is used to detect endo-
cardial boundary. Exemplary drawbacks of rotational
angiography can include that its use can lengthen procedure
time, may suffer from limited accuracy, it can be difficult to
image all chambers, and/or excessive injection of contrast
may be toxic. When CT & MR are used, a volumetric
chamber representation is acquired ahead of procedure,
volume segmentation provides cardiac chamber of interest,
and registration to tracking system is performed during
procedure. Exemplary drawbacks of CT and MR can include
that the anatomy is generated prior to the procedure which
may lead to inaccuracy in anatomy at the time of the
procedure, the process often requires use of contrast agent,
and/or not all chambers can easily be imaged.

It is believed that generating the anatomy based on
measurements collected by a catheter located inside the
heart of a patient and calculations based on the conductivity
contrast between blood and the myocardium and surround-
ing tissue (e.g., as described herein) can provide one or more
of the following advantages. The generation of the anatomy
can be relatively fast, since a large area of the anatomy can
be acquired in each heartbeat. In another example, the
anatomy information is acquired (and may be re-acquired)
during the procedure as opposed to being acquired prior to
the procedure. In another example, these methods can pro-
vide the advantage enabling the same catheter to be used for
anatomy generation, electrical reconstruction, and/or track-
ing.

In some embodiments, a patient specific anatomy is
generated using impedance based information from a
tracked multi-electrode array (MEA) catheter. The system
includes an MEA catheter that provides mechanical support
for an array of current injecting electrodes (CIE) and poten-
tial measuring electrodes (PME). For example, the catheter
may be configured with multiple electrodes and used for
cardiac mapping, such as described in commonly owned
patent application Ser. No. 11/451,898, entitled “NON-
CONTACT CARDIAC MAPPING, INCLUDING MOV-
ING CATHETER AND MULTI-BEAT INTEGRATION”
and filed Jun. 13, 2006, application Ser. No. 11/451,908,
entitled “NON-CONTACT CARDIAC MAPPING,
INCLUDING PREPROCESSING” and filed Jun. 13, 2006,
application Ser. No. 11/451,871 entitled “NON-CONTACT
CARDIAC MAPPING, INCLUDING RESOLUTION
MAP” and filed Jun. 13, 2006, and application Ser. No.
11/672,562 entitled “IMPEDANCE REGISTRATION AND
CATHETER TRACKING” and filed Feb. 8, 2007, the
contents of each of which are incorporated herein by refer-
ence. The system also includes electronics for driving cur-
rent and measuring potential, a tracking system that provides
3D location of catheter electrodes, and a computer with
appropriate software algorithm to collect data and process
the data in order to construct a 3D representation of the
chamber anatomy.

The MEA Catheter

The MEA catheter can be normally introduced through a

femoral vein or artery and advanced into the heart through
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the vascular system. The MEA catheter has a multitude of
electrodes that deploy into a three dimensional shape. For
example, the MEA catheter may have 64 electrodes and
deploy into a relatively spherical shape with a diameter of
about 2 cm. The MEA catheter may be used to collect
cardiac signals, tracking signals, as well as to generate and
collect the signals necessary determining anatomical infor-
mation such as the boundary of an organ such as the heart.

To generate the excitation pattern necessary for anatomy
construction, a sequence of linearly independent current
injection patterns are generated by utilizing current injecting
electrodes (“CIE”) on the catheter. Simultaneously potential
measurement is performed on potential measuring elec-
trodes (“PME”), also mounted on the catheter. It should be
noted that PME and CIE may be one and the same.

FIGS. 2a-c show different views for one embodiment of
the catheter 110, which includes a base sleeve 112, a central
retractable inner member 114, and multiple splines 116
connected to base sleeve 112 at one end and inner member
114 at the other end. When inner member 114 is in an
extended configuration (not shown), splines 116 are pulled
tight to the inner member so that catheter 110 has a narrow
profile for guiding it through blood vessels. When inner
member 114 is retracted (as shown in FIGS. 2a-b), splines
116 are deployed and pushed into an outward “olive” shaped
configuration for use in the heart cavity. As explained in
more detail below, the splines 116 each carry electrodes, so
when the inner member is in the retracted configuration, the
electrode are deployed in the sense that they are distributed
over a greater volume.

A number (>6) of current injecting electrodes (CIE) are
mounted on catheter 110. For example, 3 orthogonal CIE
pairs may be mounted on the catheter.

The CIE are designated 119, while electrodes 118 are used
as potential measuring electrodes (PME). The purpose of the
CIEs is to inject current into the heart cavity. For example,
each CIE pair can define a source and sink electrode,
respectively, for injecting current into the heart cavity.

It should be noted that any low impedance electrode can
be used for current injection and in a case where many or all
electrodes are capable of injecting current the designation of
such electrodes as CIE on the catheter only indicates that
these electrodes are actually being used for current injection.
It should be further appreciated that other configuration sets
of CIE are possible as long as these configurations are
known and can be accounted for. Examples of such con-
figurations could be quadruples involving 4 CIE, or even a
non-symmetrical configuration involving 3 CIE in known
positions on the catheter. For simplicity the method of using
electrode pairs will be explained, but the same method can
be applied using other configurations.

It should be appreciated that configurations other than
orthogonal pairs may be used for either method, and that
more than 2 CIE may participate in current injection at a
given time. FIGS. 3A and 3B show two different CIE pair
constellations. FIG. 3B shows the 3 pair constellation
described above while FIG. 3A shows 7 pairs. The 7 pairs
are the same 3, plus 4 additional diagonal pairs.
Electronics

The MEA catheter is connected to electronics hardware
capable of driving the necessary current and detecting both
signals originating from the heart as well as those used for
anatomy construction. There is a need to distinguish
between the two signals in order to separate the signal being
used for the anatomy determination from the cardiac signal.
The CIE are therefore coupled to electronics injecting the
current at a frequency higher than cardiac activation (cardiac
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activation<2 kHz, CIE>4 kHz, e.g. 5 kHz) such that the two
types of signals can be easily distinguished using frequency
analysis. Tt should be noted that other methods for distin-
guishing between the CIE signal and the cardiac activation
signal can be used, such as injecting a spread-spectrum
signal having a low energy level in the frequency range of
the cardiac activation signal, and detecting this spread-
spectrum signal in the signal collected by the all PME.

A multitude of separate known configurations of CIE need
to inject current in order to interrogate the medium. There is
a need to determine the source of the injected signal and to
trace it to a specific CIE configuration. For example, 3 pairs
of CIE can inject the current sequentially, one pair at a time,
so that it is possible to trace the source of the measured PME
signals to a specific pair. This is called time division
multiplexing. In the case of time division multiplexing, CIE
are activated in sequence such that at one point in time one
pair is activated and at the next point in time another pair is
activated. The switching between pairs may occur every
cycle (e.g., ¥ kHz=200 ps) or every few cycles (e.g., 20
cycles, 20x200 .us=4 mS). It should be noted that frequency
or code division (spread spectrum) multiplexing, rather than
time division may be used to separate the signals emanating
from different CIE pairs. In the case of frequency multi-
plexing all CIE pairs may inject the current at the same time,
but each pair uses a different carrier frequency. The signal
collected at the PME is filtered according to the frequency,
and the signal measured in each frequency is then associated
with the appropriate originating pair.

The amount of current injected needs to be large enough
to provide a reasonable signal to noise ratio, while also small
enough not to stimulate cardiac tissue. A current level of 50
uA at 5 kHz is believed to be appropriate.

Tracking System

In order to combine information collected from multiple
catheter locations, the MEA electrode locations are tracked
relative to the cardiac chamber in three dimensional space.
This task is accomplished by a tracking subsystem. Such
subsystems have been shown previously and may include
any of a magnetic, impedance, x-ray and ultrasound sub-
systems. For example, the tracking system can be a tracking
system such as described in commonly owned patent appli-
cation Ser. No. 12/061,297, entitled “Intracardiac Tracking
System” and filed Apr. 2, 2008, the contents of which is
incorporated herein by reference.

In case of impedance tracking the tracking signals may be
multiplexed onto the same medium either by a time division
multiplexing scheme where time slots are added specifically
for tracking, or using frequency division multiplexing by
modulating the tracking signals on a different frequency. In
some cases the same CIE pairs may be used simultaneously
for tracking and anatomy construction thereby not adding
time slots beyond those necessary for tracking.

Data Processing

The system includes software for processing data col-
lected by the MEA catheter and tracking system to generate
anatomical information such as a chamber anatomy or
representation of a boundary of the chamber.

Referring to FIGS. 4A-4D, a process for generating
anatomical information such as a chamber anatomy is
shown. In general, when the catheter is in the heart, the
signals measured by the PME are different from that of the
homogenous case, that is, when the entire domain is filled
with blood. These differences carry the particular informa-
tion about the inhomogeneous distribution of the material
property due to the anatomical features around the catheter.
This impedance characterization does not gather reliable
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information from great distances due to the smoothing effect
of the Laplace’s equation which governs potential distribu-
tion in the medium: the injected current will not diffuse
substantially into regions far from the catheter. As such, the
system generates information about local anatomical fea-
tures by detecting and recognizing differences based on the
inhomogeneous distribution. In order to reconstruct the
entire chamber anatomy, the catheter is moved around the
chamber’s interior and the impedance characterization is
repeated in several locations. Finally, the collected local
anatomical information belonging to the different locations
is merged to form the anatomy of the entire chamber.

FIG. 4A shows a schematic description of true chamber
boundary 250, a single catheter 254 and a local parameter-
ized surface 252 reconstructed from the single catheter
position. The local parameterized surface 252 is generated
based on measurements collected by the PME on catheter
254. As described above, impedance characterization does
not gather information from great distances and therefore the
local parameterized surface 254 provides only a portion of
the chamber anatomy. More particularly, since a single
catheter location cannot detect the entire chamber anatomy,
the local parameterized surface 242 is a surface that provides
a best fit to PME measurements at a particular catheter
location (e.g., as described in more detail below). As shown
in FIG. 4B, after the local surface 252 is generated for a
particular catheter location, the system detects and marks
regions of the local parameterized surface 252 that are valid.
Valid regions of the local surface 252 are region(s) that are
expected to lie on the true chamber boundary 250. These
regions are detected and marked as valid patches (e.g.,
patches 256a and 2565). As shown in FIG. 4C, the catheter
254 is then moved to another location (e.g., moved from
location 2584 to location 2585) and the process of construc-
tion of local anatomy and detection of valid patches is
repeated. As shown in FIG. 4C, the system detects another
valid patch 256¢ based on the information collected by
catheter 254 at location 258b. As shown in FIG. 4D, to
reconstruct the entire chamber anatomy or portion of interest
(e.g., a portion of the chamber anatomy, but not the entire
chamber anatomy), the catheter is moved to multiple loca-
tions, using the tracking system for position information in
each location. At each location, the system detects additional
valid patches corresponding to additional region(s) that are
expected to lie on the true chamber boundary 250. As shown
in FIG. 4E, once the catheter has been moved around the
entire chamber or the portion of interest, the chamber
boundary 260 is reconstructed by connecting the valid
patches. In some embodiments, the valid patches can be
connected using a surface meshing algorithm such as the
algorithm described in U.S. Pat. No. 6,226,542, the contents
of which are hereby incorporated by reference.

Cardiac contraction changes the anatomy of the chamber.
For that reason, in some embodiments, the anatomy genera-
tion is gated according to the cardiac cycle. Gating infor-
mation can be obtained from electrical measurements of the
cardiac cycle (e.g., by the use of surface ECG or intracardiac
signal from a stable location) and triggering on a constant
marker in the cardiac phase (e.g., using an R-wave detection
algorithm, a threshold criterion, a maximum criterion or
correlation to a template). Another option is to use a mea-
surement that is affected directly by the mechanical move-
ment of the heart, such as the measurement of the impedance
between CIE, and triggering on a constant marker in the
cycle. Once a trigger is determined, the cardiac cycle is
divided into m slices (e.g., m=10), and the mentioned
process is repeated for each slice separately. Alternatively, a
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particular slice of interest may be chosen (e.g., end diastole)
and other data is not collected and/or is discarded. It is also
important to note that all CIE sets may be scanned quickly
enough (e.g., 4 mS) such that it can be assumed that the heart
did not move substantially in that period.

Though sinusoidal signals are used to modulate the signal
such that it does not interfere with cardiac signal, the
frequency is relatively low, and so the validity of the
quasi-static approximation via the Laplace’s equation
remains intact:

V-(c+jwe) V=0 (Eq. 1)

Where ¢ describes the electric potential field, o is the
conductivity, € is the permittivity and o is the angular
frequency.

Inverse Problem Approach

The anatomical information provides a three dimensional
distribution of the electrical conductivity of the surrounding
media. The goal of the algorithm is to find the location and
orientation of the internal boundary of the heart chamber,
that is, to find the boundary where the conductivity value
changes from the value associated with blood. For example,
on average the conductivity contrast between blood o, and
surrounding tissue o, is 0,/0,=2.5. Theoretically, an imped-
ance tomography technique, which is able to provide the
distribution of the conductivity surrounding the medium,
could be used to detect the anatomical features. However,
due to the smoothing effect of current’s distribution in
material as governed by Laplace’s equation, impedance
tomography techniques provide blurry representation of the
medium and therefore are not ideal for the anatomy recon-
struction process. For example the impedance tomography
techniques often employ a Tikhonov regularization operator
as part of the inverse solution for conductivity. This type of
regularization promotes limited change in electrical conduc-
tivity over a neighborhood and therefore contributes to the
blurriness of the final representation. In general, regulariza-
tion techniques in inverse problems usually introduce extra
equations or terms, which express a priory expectation about
the solution and at the same time mathematically convert the
underlying equation system from underdetermined to over
determined, thereby making it solvable. In other words,
regularization techniques are needed in inverse problems to
handle the overly high number of unknown degrees of
freedom, which is used to represent the conductivity distri-
bution.

Instead of using an overly high number of degrees of
freedom, in some embodiments the abrupt conductivity
distribution is represented in a way that uses only a few
parameters. For example, as shown in FIG. 5, this can be
achieved by an explicit representation of a closed and
parameterized local surface 276 around the catheter 278.
This representation divides the 3D space into two regions
274 and 272. The region 274 in which the catheter 278 is
located is associated with the conductivity of blood (£2,,,,,)
while the outside region 272 is associated with an unknown
conductivity (Q_,,.,,..;) since it varies from patient to patient
and between different regions in the cardiac chamber. This
local parameterized surface 276 and the conductivity values
(000 and Q.. constitute a local forward model used
in the inverse solver. This model aims to reconstruct the
shape and value of the conductivity distribution. This
inverse problem is nonlinear and requires the use of an
iterative solver. The inverse solver is an optimizer that
determines both the surface’s parameters as well as the
unknown external conductivity (£2,,.,,...)- The choice of the
local parameterized surface 276 is only limited by its
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number of parameters or degrees of freedom. For example,
a fully parameterized 3D ellipsoid introduces nine degrees
of freedom: three axial parameters and six parameters for
rigid body translation and rotation. It is also possible to use
polynomial representation, Bezier, NURBS or curvilinear
finite elements to represent the parameterized surface 276.

FIG. 6 shows a system and method for generation of a
local parameterized surface including the measurement
hardware 284 along with the inverse solver 290 (e.g.,
software) which reconstructs the local parameterized surface
276.

The measurement hardware 284 is connected to a catheter
280 placed within a patient’s heart 282. The measurement
hardware 284 collects potential measurements and electrode
location 286 from the catheter 280. The inverse solver 290
uses these potential measurements and electrode location
information 286 in the determination of the local param-
eterized surface.

The inverse solver 290 utilizes a search algorithm in the
parameter-domain in order to minimize the difference
between the measured electrode-potentials (e.g., potential
measurements 286) provided by the measurement hardware
284 and the estimates of the electric potential field 296,
provided by the local forward model 288. These later
samples are taken at the corresponding locations of the
measuring electrodes on catheter 280. An exemplary mini-
mization equation is shown below:

min|lu — $(p)|2
E 2

Where p is the vector of measured electrode potentials
286, ¢ is the vector of potential samples predicted by the
forward model 296 and dependent on p, which is the vector
of various parameters of the forward model 288 itself.
During the measurement phase it is assumed that neither the
location nor the orientation of the catheter is changing
significantly, therefore the local forward model 288 assumes
steady position and orientation of the catheter 280. Both the
measured potentials 286 and predicted potential values 296
can be arranged in structured vectors and so the measure of
difference can be defined by the sum of squares of corre-
sponding differences. Minimization problems of this type
can be efficiently solved by the Levenberg-Marquardt (LM)
method (e.g., using LM optimizer 294). The LM algorithm
is formulated in terms of the residual vector and the first
derivative of this vector, which is called the Jacobian.
During the search for the optimal parameter values, the
forward solver 292 repeatedly solves for the ever changing
local forward model 288. The solution of the forward model
288 is governed by the Laplace’s equation and provides the
potential distribution for the domain defined by the local
forward model 288, and so the potential values at the
electrodes of the model-catheter as well. Different approxi-
mation methods such as Spherical Harmonics, Finite Ele-
ments, Boundary Elements or Multiple MultiPoles can be
used to discretize Laplace’s equation, resulting in an alge-
braic linear equation system in Equation 2.

Kx=f (Equation 2)

The solution of the linear equation system provides the
values for the so called degree of freedoms (x), which in turn
along with the corresponding field approximation functions
constitute the overall approximation of the electrical field. K
is the so called stiffness matrix collecting the contribution
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from the discretized differential operator, f represents exci-
tation due to sources or boundary conditions.

The LM algorithm requires the derivatives of the residual
vector in terms of the parameters of the local forward model.
There are two possible approaches to obtaining the deriva-
tives. They can be estimated using finite differentiation
techniques, or using a direct differentiation method in the
forward solver. In testing the direct approach was shown to
be superior in terms of speed and accuracy due to the larger
approximation error of the finite differentiation technique.
Valid Patch Selection

After successful optimization of the local parameterized
surface 276, the local parameterized surface 276 is expected
to be similar or partially similar to a portion of the true
chamber boundary (e.g., as shown above in FIGS. 4A-4E).
The region of the local parameterized surface that approxi-
mates the chamber boundary with sufficient accuracy is
described herein as a valid patch. The rest of the local
parameterized surface bears no significant influence on the
electric field-pattern predicted by the local forward model.
Such surface regions may be present in a relatively distant
location from the catheter because, as explained earlier, the
injected current pattern will not diffuse sufficiently into
those far regions and so the field pattern will not be
influenced by features located in those regions.

The parts of the local parameterized surface that are less
likely to approximate the true chamber boundary are filtered
out so only the valid patches remain that are most respon-
sible for the field pattern measured by the electrodes and
reconstructed by the optimized local forward model. The
final boundary of the chamber is reconstructed by forming a
surface (e.g., a triangular-mesh based surface) so that it fits
the set of previously obtained valid patches while also
maintaining reasonable surface-smoothness properties.

The selection of the valid patches can be a mostly a
heuristic procedure. In some embodiments, the local param-
eterized surface is subdivided and only certain regions are
kept for the final reconstruction step as valid patches. The
main criterion for selecting the valid patches is based on the
strength of a distortion field. The distortion field is the
difference between the field in presence of inhomogeneity
and the field which corresponds to the homogenous medium.
The higher the strength of the distortion field on a certain
location of the local parameterized surface, the more the
field pattern resulting on the PME is sensitive to the location
and orientation of that surface location. Therefore, the
distortion field strength is believed to be a good indicator of
the surface location’s validity (strength of influence). The
main criterion is then simply to select patches that exhibit
higher distortion field than a certain threshold (df,,.;.;.)-
This criterion is then combined with additional side-criteria
in order to increase the certainty of the decision. In some
embodiments, two side-criteria are used: one criteria is
based on the distance of the surface location from the center
of the catheter, and the other criteria is based on the final
residual error of the LM optimization. It should be noted that
additional quantities may also contribute to the accuracy of
the filtering process. The side criteria are formulated and
combined via the fuzzy logic approach.

FIG. 7 shows an exemplary graph 300 of “Membership
functions” of “confidence” in which the x-axis 304 repre-
sents the distance or residual while the y-axis 302 represents
the confidence that can be used which can be represented by:

1
Clx, 1, )= 1T oD
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Where t and o are parameters of the membership func-
tion; t is the turn-point 306 and o determines the slope of the
membership function at the turnpoint 306.

After proper normalization of the quantities involved in
the side criteria, the evaluation of the membership functions
result in confidence factors for each criterion (C,_;,,,.; and
C jissance)- These factors are then used as multipliers of the
distortion field strength (df) in the final acceptance criterion
for valid patch selection:

AfXC,esigiar*Catistance” Wreshold

Once the above criterion is satisfied for a surface location,
the surface location will become a candidate for selection for
a valid patch. The final set of surface locations is limited as
well, therefore only those locations providing highest values
for the left hand side are selected for the final reconstruction.

The LM residual is expected to be smaller when the
optimization is more successful and therefore the local
parameterized surface is expected to approximate the cham-
ber boundary better. For this reason, smaller values for the
LM residual should produce higher confidence levels: one or
close to one. Increasing residual, on the other hand, should
eventually switch the corresponding confidence level down
to zero. In order to establish what “small” is, the LM residual
is normalized. This normalization is such that when the local
forward model is the homogenous case, the corresponding
normalized residual would be exactly one. In other words,
the residual measures how much the distortion field is
reconstructed by the optimized local forward model at the
PME compared to the homogenous case, which is regarded
as complete lack of reconstruction. The normalization
described here is only the first step to make sure the
membership function produces meaningful confidence lev-
els. The missing additive is the parameter of the membership
function itself, called turn-point. In some examples, for the
LM residual a turn-point 306 of 0.05 is believed to be
adequate. This is the normalized LM residual value, which
produces confidence level of exactly one half. The appro-
priate o for this criteria is believed to be 80.

As shown in FIG. 8, similar deductions can be given for
the confidence level generated by the distance of the surface
location relative to the catheter. For this criterion confidence
should decrease as distance from the center of the catheter
is increased. The surface location distance is normalized by
expressing it relative to the radius of the catheter. For
example, a reasonable turn-point is believed to be two times
the catheter radius. For example, an appropriate o for this
criteria is believed to be 0.5.

The threshold value in the selection criterion for the
distortion field is derived from the analytical solution of a
simple but relevant arrangement in order to account for
possibly different catheter/dipole dimensions. The arrange-
ment, as shown in FIG. 8, provides a dipole 312 with
moment d assumed to be a distance 314 of two times the
moment d from an infinite plane 310. The threshold value is
set to be five times the value measured on the plane at point
v, 316. The conductivity ratio between the side 318 of the
plane where the dipole resides and the other side 320 of the
plane is assumed to be 2.5.

For the subdivision of the local parameterized surface a
surface triangulation is used as a mesh. The mesh is as
uniform as possible, and the average size of the triangles
should match the desired resolution for the filtering step. In
some embodiments, an average edge length of 2 mm was
found to be sufficient in balancing run-time with accuracy.
Other subdivision of the local parameterized surface could
also be used.

(Equation 3)
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Electro-Anatomical Map (“EAM’) Construction

The construction of electro-anatomical maps (EAMs) is a
valuable tool for the diagnosis and therapy of a variety of
cardiac related conditions including congestive heart failure,
valve failure and arrhythmia. For the catheter ablation
treatment of arrhythmia the reconstruction of anatomy pro-
vides both an understanding of the anatomical structure as
well as the chamber boundary on which the three dimen-
sional EAM map is constructed.

Full Chamber Map

The chamber boundary reconstructed using impedance
measurements disclosed herein can be used as the surface
onto which electrical information is projected. This electri-
cal information may be collected using a contact scheme or
non-contact scheme (e.g., as described in U.S. Pat. No.
7,505.810, the contents of which are hereby incorporated by
reference). In the case of a non-contact scheme, both elec-
trical and anatomical data may be collected simultaneously
by the MEA catheter thus expediting the EAM generation
process. Electrical information displayed on the EAM can
include any of a number of isopotentials, bipolar maps, local
activation time, voltage map, dominant frequency map, and
the like.

Partial Chamber EAM Map

In some applications, it is necessary to construct only a
partial EAM of the chamber (e.g., construct an EAM of less
than the entire chamber). That is, to save procedure time,
only a portion of the chamber known to participate in the
arrhythmogenic mechanism needs to be provided on the
EAM. For example, in the case of scar related ventricular
tachycardia, only the scarred area and its immediate sur-
rounding tissue may be required for clinical treatment. Such
portion can represent under 25% of total chamber area and
be collected with a limited number of catheter locations. For
example, less than 10 catheter locations may be used to
generate the partial EAM (e.g., 8 catheter locations or less,
6 catheter locations or less, 5 catheter locations or less, 4
catheter locations). In such case, as shown in FIG. 9, it is
possible to construct a partial anatomy 336 by meshing a
closed surface around the valid patches (e.g., patches 3324,
332b, and 332¢). Since the surface 336 is not complete in
this case, such closed mesh also contains areas 334 where no
valid patches exist nearby. However, those are known from
the valid patch selection process described above and
marked invalid. Invalid areas 334 in the mesh can be either
transparent or rendered differently (e.g. show only mesh
edges and render mesh faces transparent, display gray, make
semi-transparerit).

Once the partial chamber anatomy is constructed, elec-
trical information can then be displayed only on the valid
areas (e.g., area 336) of the anatomy using either a non-
contact or contact scheme. It is important to note that the
added information of valid and invalid zones is crucial to the
construction of a partial EAM map. If invalid areas of the
anatomy are not marked as such, the EAM may lead to
wrong clinical interpretation. The information regarding the
validity of the map provided with the impedance scheme is
unavailable with other point collection schemes making
partial maps more difficult to interpret.

Experimental Results

FIGS. 10 and 11 show exemplary local parameterized
surfaces. More particularly, FIG. 10 shows an ellipsoidal
local parameterized surface with 9 degrees of freedom while
FIG. 11 shows a curvilinear local parameterized surface with
18 degrees of freedom.

FIG. 12 shows valid patches detected relative to a catheter
location.
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FIGS. 13A-D, provides multiple projections of an experi-
ment reconstructing left ventricular (“LV”) anatomy. FIG.
13A provides a three dimensional representation of the
reconstructed anatomy of the LV, FIG. 13B provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the x-y plane, FIG. 13C provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the x-z plane, and FIG. 13D provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the y-z plane. The construction of the anatomy
was accomplished using a MEA catheter with 6 CIE and 64
PME in a constellation similar to the one shown in FIG. 3.
The catheter was moved to 51 locations within the left
ventrical (LV). The synthetic measurements were generated
using a Finite Flement Method simulator. As shown in the
figures, even areas that were sparsely sampled by the cath-
eter are reasonably reconstructed.

Other Embodiments

In some aspects, the catheter used to generate the ana-
tomical information and/or generate the EAM information
can additionally include an electrode for delivering ablation
energy for ablating tissue. As such, a single catheter can
generate an EAM map (including generating the anatomical
information used for the EAM map) and perform ablation of
identified regions of the organ. It is believed that this can
provide the advantage of limiting the number of catheters
inserted into the organ of the patient. For example, an
ablation procedure can involve mapping of electrical activity
in the heart (e.g., based on cardiac signals), such as at
various locations on the endocardium surface (“cardiac
mapping”), to identify the site of origin of the arrhythmia
followed by a targeted ablation of the site. A single catheter
inserted into the patient’s heart chamber can be used both to
perform such cardiac mapping (including generating the
anatomy of the heart) and to perform the ablation.

It should be understood that while this disclosure
describes use of current injection and potential measure-
ment, it is also possible to impart a known voltage on active
electrodes and measure resultant potential or current. In
effect, any interrogation of the medium performed by active
electrodes which results in a current being diffused into the
medium and a potential field imparted on it should be
viewed and one and the same.

It should further be understood that while this invention
describes the use of conductivity contrast, an impedance
contrast comprising of both the conductivity contrast and/or
permittivity contrast can also be used. In this case both the
amplitude and phase or I and Q components of the potential
measured by the PME may be used by the same algorithm.
Rather than estimating the conductivity alone, the complex
impedance having both conductivity and/or permittivity can
be computed. As the carrier frequency of the injected current
is increased it is expected that permittivity contrast will
increase and accounting for and using impedance contrast
rather than conductivity alone is believed to improve accu-
racy.

The methods and systems described herein are not limited
to a particular hardware or software configuration, and may
find applicability in many computing or processing envi-
ronments. The methods and systems can be implemented in
hardware, or a combination of hardware and software,
and/or can be implemented from commercially available
modules applications and devices. Where the implementa-
tion of the systems and methods described herein is at least
partly based on use of microprocessors, the methods and
systems can be implemented in one or more computer
programs, where a computer program can be understood to
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include one or more processor executable instructions. The
computer program(s) can execute on one or more program-
mable processors, and can be stored on one or more storage
medium readable by the processor (including volatile and
non-volatile memory and/or storage elements), one or more
input devices, and/or one or more output devices. The
processor thus can access one or more input devices to
obtain input data, and can access one or more output devices
to communicate output data. The input and/or output devices
can include one or more of the following: Random Access
Memory (RAM), Redundant Array of Independent Disks
(RAID), floppy drive, CD, DVD, magnetic disk, internal
hard drive, external hard drive, memory stick, or other
storage device capable of being accessed by a processor as
provided herein, where such aforementioned examples are
not exhaustive, and are for illustration and not limitation.

The computer program(s) can be implemented using one
or more high level procedural or object-oriented program-
ming languages to communicate with a computer system;
however, the program(s) can be implemented in assembly or
machine language, if desired. The language can be compiled
or interpreted. The device(s) or computer systems that
integrate with the processor(s) can include, for example, a
personal computer(s), workstation (e.g., Sun, HP), personal
digital assistant (PDA), handheld device such as cellular
telephone, laptop. handheld, or another device capable of
being integrated with a processor(s) that can operate as
provided herein. Accordingly, the devices provided herein
are not exhaustive and are provided for illustration and not
limitation.

References to “a microprocessor” and “a processor”, or
“the microprocessor” and “the processor,” can be under-
stood to include one or more microprocessors that can
communicate in a stand-alone and/or a distributed environ-
ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to
operate on one or more processor-controlled devices that can
be similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network using a variety
of communications protocols, and unless otherwise speci-
fied, can be arranged to include a combination of external
and internal memory devices, where such memory can be
contiguous and/or partitioned based on the application.
Accordingly, references to a database can be understood to
include one or more memory associations, where such
references can include commercially available database
products (e.g., SQL, Informix, Oracle) and also proprietary
databases, and may also include other structures for associ-
ating memory such as links, queues, graphs, trees, with such
structures provided for illustration and not limitation.

Accordingly, other embodiments are within the scope of
the following claims. Various modifications and additions
can be made to the exemplary embodiments discussed
without departing from the scope of the present invention.
For example, while the embodiments described above refer
to particular features, the scope of this invention also
includes embodiments having different combinations of
features and embodiments that do not include all of the
described features. Accordingly, the scope of the present
invention is intended to embrace all such alternatives, modi-
fications, and variations as fall within the scope of the
claims, together with all equivalents thereof.
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We claim:

1. A method comprising:

inserting a catheter into a heart, the catheter comprising

three or more electrodes;

causing the catheter to move to each of multiple, different

positions in the heart;

for each of the multiple, different positions, causing

current flow between at least some of the three or more
electrodes and measuring electrical signals, from the
current flow, at each of one or more of the three or more
electrodes;

determining anatomical information about the heart by

detecting surface boundaries of the heart based at least
in part on impedance information generated based on
the measured electrical signals; and

determining at least one of: one or more distances

between different surface boundaries of the heart, and
one or more distances between at least one of the three
or more electrodes and at least one of the surface
boundaries of the heart.

2. The method of claim 1, comprising:

displaying the one or more distances between the different

surface boundaries of the heart.

3. The method of claim 1, comprising:

displaying the one or more distances between the at least

one of the three or more electrodes and the at least one
of the surface boundaries of the heart.

4. The method of claim 1, wherein the impedance infor-
mation comprises complex impedance information deter-
mined from the measured signals.

5. The method of claim 1, wherein the impedance infor-
mation is based on at least one of a conductivity contrast and
a permittivity contrast between homogenous and non-ho-
mogenous media.

6. The method of claim 1, wherein the impedance infor-
mation is based on at least one of a conductivity contrast and
a permittivity contrast between blood and surrounding tis-
sue.

7. The method of ¢laim 1, wherein the anatomical infor-
mation accounts for a change in conductivity at a cardiac
chamber boundary of the surface boundaries with a first
conductivity inside the cardiac chamber boundary and a
second conductivity outside the cardiac chamber boundary,
the first conductivity being different from the second con-
ductivity.

8. The method of claim 1, wherein the anatomical infor-
mation accounts for a change in permittivity at a cardiac
chamber boundary of the surface boundaries with a first
permittivity inside the cardiac chamber boundary and a
second permittivity outside the cardiac chamber boundary,
the first permittivity being different from the second permit-
tivity.

9. The method of claim 1, wherein detecting the surface
boundaries of the heart comprises determining a closed and
parameterized surface around at least a portion of the
catheter based on the measured electrical signals, the surface
boundaries representing boundaries at which at least one of
a conductivity and a permittivity changes.

10. The method of claim 1, wherein detecting the surface
boundaries of the heart comprises detecting the surface
boundaries of the heart based at least in part on a magnitude
of a distortion field based at least in part on a difference
between a field calculated based on the measured electrical
signals and a field in a homogenous medium.
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11. A method comprising:

inserting a catheter into a heart, the catheter comprising
multiple, spatially distributed electrodes including mul-
tiple sets of electrodes, each set comprising at least two
electrodes;

for each of the multiple different sets of electrodes,
causing current to flow between at least some of the
electrodes and in response to current flow, measuring
an electrical signal at each of one or more measuring
electrodes;

determining anatomical information about the heart by
detecting surfaces of the heart based at least in part on
complex impedance information generated based on
the measured signals; and

determining at least one of a distance between different
surfaces of the heart, and a distance between one of the
electrodes and one of the surfaces of the heart.

12. The method of claim 11, comprising at least one of;

displaying the distance between the different surfaces of
the heart; and

displaying the distance between the one of the electrodes
and the one of the surfaces of the heart.

13. The method of claim 11, wherein the complex imped-
ance information is based on at least one of a conductivity
contrast and a permittivity contrast between homogenous
and non-homogenous media.

14. The method of claim 11, wherein the complex imped-
ance information is based on at least one of a conductivity
contrast and a permittivity contrast between blood and
surrounding tissue.

15. The method of claim 11, wherein determining the
anatomical information comprises:

distinguishing signals indicative of cardiac electrical
activity from the measured signals based on the current
flow; and

determining the anatomical information based on the
measured signals based on the current flow.

16. A system comprising:

a catheter comprising three or more electrodes configured
to inject a current and to measure electrical signals in
response to the injected current; and

a processing unit configured to determine anatomical
information about the heart by detecting surfaces of the
heart based at least in part on impedance information
generated based on the measured signals, wherein the
processing unit determines at least one of: one or more
distances between different surfaces of the heart, and
one or more distances between at least one of the three
or more electrodes and at least one of the surfaces of the
heart.

17. The system of claim 16, wherein the anatomical
information accounts for a change in conductivity at a
cardiac chamber boundary with a first conductivity inside
the cardiac chamber boundary and a second conductivity
outside the cardiac chamber boundary, the first conductivity
being different from the second conductivity.

18. The system of claim 16, wherein the anatomical
information accounts for a change in permittivity at a
cardiac chamber boundary with a first permittivity inside the
cardiac chamber boundary and a second permittivity outside
the cardiac chamber boundary, the first permittivity being
different from the second permittivity.

19. The system of claim 16, wherein the impedance
information comprises complex impedance information
determined from the measured signals and the complex
impedance information is based on at least one of a con-
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ductivity contrast and a permittivity contrast between at least
one of: homogenous and non-homogenous media, and blood
and surrounding tissue.

20. The system of claim 16, wherein the electrodes on the
catheter are configured to measure cardiac signals in 5
response to electrical activity in the heart and the processing
unit is configured to determine physiological information at
multiple locations on the surfaces of the heart based on the
determined positions of the electrodes and the measured
cardiac signals. 10
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