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Welcome to the 8th Interventional MRI Symposium
Following our successful last Interventional MRI Symposium 2008 held in Baltimore, we
are pleased and honored to once again host this event in the city of Leipzig. We have
had a very good response to our call for abstracts in terms of the number, scope, and
scientific quality of the received papers. The final two-day program consists of 62 oral
and 58 poster presentations and also includes 19 talks by invited speakers who will
provide a short overview of a selected topic. All presentations were assigned to eight
scientific sessions, each comprising one to three individual topics. Both days feature
two morning and two afternoon sessions with intermediate coffee breaks and ample
time for lunch.
The symposium is intended to provide you with the latest information on
fundamental ideas and concepts, available systems and devices, emerging and
established clinical applications, as well as future trends and challenges in
interventional MRI. The meeting will also serve as a platform to communicate your
ideas, interact with your peers, and meet some of the pioneers of the field. The
accompanying technical exhibition gives you the opportunity to connect with over 20
industrial partners whose financial support is also greatly acknowledged.
This year, Leipzig surprisingly appeared in the New York Times as one of "the
31 places to go in 2010" and was characterized as "a small industrial city with an
illustrious past". But the city has many other faces and we hope that you will take some
time to experience its diverse social and cultural life as well. The venue for our meeting
is centrally located, just a stone's throw away from the inner city center, which can be
easily explored on foot.
On behalf of the program committee, we sincerely wish you a fruitful and
enjoyable time in Leipzig, both professionally and personally.
Thomas Kahn, MD
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8th Interventional MRI Symposium
Program at a Glance
Thursday,
September 23
08:00 am
09:00 am
10:00 am
11:00 am
12:00 pm
01:00 pm

02:00 pm

Saturday,
September 25

Scientific Session I
General Issues
Intraoperative MRI
Thermometry

Scientific Session V
HIFU
Navigation

Coffee Break

Coffee Break

Scientific Session II
Laser / RF
Cryoablation
Brachytherapy

Scientific Session VI
Biopsy
Robotics
Vascular

Lunch

Lunch

Scientific Session III
Poster Discussion

Scientific Session VII
Vascular
Hybrid Systems

Coffee Break

03:00 pm

Scientific Session IV
Cellular Therapies
Targeted Drug Delivery
Safety

04:00 pm

05:00 pm

Friday,
September 24

Break
Registration

06:00 pm

Dinner Symposium
MR-Guided Breast
Interventions
Adjourn

07:00 pm

08:00 pm

Welcome
Reception
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Coffee Break
Scientific Session VIII
Prostate
Poster Awards
Adjourn

Symposium Chairman
• Thomas Kahn, Leipzig, Germany
Co-Chairs
• Ferenc A. Jolesz, Boston, USA
• Jonathan S. Lewin, Baltimore, USA
Faculty
• Harald Busse, Leipzig, Germany
• Jeffrey L. Duerk, Cleveland, USA
• Wladislaw Gedroyc, London, GB
• Matthias Gutberlet, Leipzig, Germany
• Nobuhiko Hata, Boston, USA
• Norbert Hosten, Greifswald, Germany
• Stephen G. Hushek, Milwaukee, USA
• Dara L. Kraitchman, Baltimore, USA
• Gabriele Krombach, Gießen, Germany
• Christiane Kuhl, Aachen, Germany
• Michael Moche, Leipzig, Germany
• Chrit Moonen, Bordeaux, France
• Philippe L. Pereira, Heilbronn, Germany
• Reza Razavi, London, GB
• Jens Ricke, Magdeburg, Germany
• Gregor Schaefers, Gelsenkirchen, Germany
• Ulf Teichgräber, Berlin, Germany
• Robert Turner, Leipzig, Germany
• Clare M. C. Tempany, Boston, USA
• Chip Truwit, Minneapolis, USA
• Kemal Tuncali, Boston, USA
• Frank Wacker, Baltimore, USA
• Clifford Weiss, Baltimore, USA
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Topics
Friday, September 24
Session I

08:15 am – 10:20 am
General Issues, Intraoperative MRI, Thermometry

Session II

10:45 am – 12:50 pm
Laser, RF, Cryoablation, Brachytherapy

Session III

01:45 pm – 03:00 pm
Poster Discussion Session

Session IV

03:30 pm – 04:45 pm
Cellular Therapies, Targeted Drug Delivery, Safety
05:30 pm – 06:30 pm
Industry Symposium – MR-guided Breast Interventions
Sponsored by Medicor/Hologic, Inc

Saturday, September 25
Session V

08:15 am – 10:10 am
HIFU, Navigation

Session VI

10:40 am – 12:35 pm
Biopsy, Robotics, Vascular

Session VII

01:45 pm – 03:25 pm
Vascular, Hybrid Systems

Session VIII

03:50 pm – 05:05 pm
Prostate

Scientific Program Objectives
Friday, September 24 – Saturday, September 25, 2010
Upon completion of the Scientific Meeting, participants should be able to:
• Identify new findings in interventional and intraoperative magnetic resonance
imaging most relevant to their own fields;
• Explain the impact of newly developed methods in interventional MRI;
• Describe possible future trends and developments in interventional MRI and
evaluate the possible impact of these trends and developments on their own
clinical and scientific work in the future;
• Assess the state-of-the-art in interventional MRI
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Session I
Friday, September 24, 08:15 am – 10:20 am
General Issues, Intraoperative MRI, Thermometry
Moderators:

J. S. Lewin (Baltimore, MD, USA)
Th. Kahn (Leipzig, Germany)

08:15

Welcoming address
J. Thiery, Dean of the Medical Faculty
Th. Kahn

08:30

V-01

Anticipated highlights of the 8th IMRI Symposium—what to watch for
J. Duerk
Cleveland, OH, USA

08:45

V-02

Interventional MRI systems review
S. G. Hushek
Milwaukee, WI, USA

09:00

V-03

Intraoperative MRI in neurosurgery
Chip Truwit
Minneapolis, MN, USA

09:15

V-04

Optimal design for an intraoperative MRI-guided neurosurgical suite
W. A. Hall, C. L. Truwit
Syracuse, NY, USA; Minneapolis, MN, USA

09.25

V-05

Update on open MRI
U. Teichgräber
Berlin, Germany

09:40

V-06

Laser based laparoscopic liver resection in a 1.0 T interventional open MRI
G. Wiltberger, S. S. Chopra, U. Teichgräber, P. Neuhaus, S. Jonas,
G. Schumacher
Leipzig, Germany; Berlin, Germany

09:50

V-07

Hybrid PRF-thermometry in the myocardium
V. Rieke, W. Grissom, A. B. Holbrook, J. M. Santos, M.V. McConnell,
K. Butts Pauly
Stanford, CA, USA; Munich, Germany; Los Altos, CA, USA

10:00

V-08

Measurement of the temperature response of multiple intrinsic MR
parameters using a rapid chemical shift imaging technique
B. A. Taylor, J. Yung, A. M. Elliott, J. D. Hazle, R. J. Stafford
Houston, TX, USA
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10:10

V-09

10:20–10:45

MRI guided cryoablation: in vivo assessment of measuring temperature
adjacent to ablated tissue using the PRF method
E. Rothgang, W. Gilson, S. Valdeig, L. Pan, A. Flammang, J. Roland,
F. Wacker, B. Frericks
Erlangen, Germany; Baltimore, MD, USA; Berlin, Germany
Coffee Break

Session II
Friday, September 24, 10:45 am – 12:50 pm
Laser, RF, Cryoablation, Brachytherapy
Moderators:

N. Hosten (Greifswald, Germany)
R. Turner (Leipzig, Germany)

10:45

V-10

Continuous real-time MR thermometry in moving organs—clinical routine
during laser ablation of hepatic tumors
N. Hosten, C. Rosenberg
Greifswald, Germany

11:00

V-11

Kalman-filtered velocity navigator triggering for motion compensated PRF
thermometry
F. Maier, A. J. Krafft, J. W. Jenne, R. Dillmann, W. Semmler, M. Bock
Heidelberg, Germany; Karlsruhe, Germany

11:10

V-12

Conformal laser irradiation of intracranial tumors: a clinical application
M. G. Torchia, G. H. Barnett, A. E. Sloan, R. Tyc
Winnipeg, MB, Canada; Cleveland, OH, USA

11:20

V-13

MR guidance and thermal monitoring of interstitial laser ablation of osteoid
osteomas in an open high-field scanner
F. Streitparth, U. Teichgräber, J. Rump, M. de Bucourt, B. Gebauer
Berlin, Germany

11:30

V-14

MR-guided radiofrequency ablation
P. L. Pereira, H. Rempp , S. Clasen, D. Schmidt, A. Boss, C. Schraml,
C. D. Claussen
Heilbronn, Germany; Tübingen, Germany

11:45

V-15

Clinical experience in University Hospitals of Geneva with radiofrequency
ablation of liver malignancies under magnetic resonance guidance
S. Terraz, M. Viallon, A. Cernicanu, M. Lepetit-Coiffé, G. Mentha,
R. Salomir, C. D. Becker
Geneva, Switzerland
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11:55

V-16

Visualization of ablation lesions by dynamic contrast-enhanced MRI
A. Shmatukha, X. Qi, S. Ghate, M. Pop, J. Barry, S. Oduneye, J. Stainsby,
G. Wright, E. Crystal
Toronto, ON, Canada

12:05

V-17

Cryoablation: rationale, technique and clinical applications
K. Tuncali
Boston, MA, USA

12:20

V-18

MRI guided percutaneous cryoablation of hepatocellular carcinoma at
special regions: an initial study
B. Wu, Y. Xiao, L. Zhao, X. Zhang, J. Xu
Beijing, China; Boston, MA, USA; Langfang, China

12:30

V-19

MR image-guided percutaneous tumor cryoablation
A. Gangi, X. Buy, H. Lang, J. Garnon, B. Dillmann, L. Barbé,
M. De Mathelin
Strasbourg, France; Donostia - San Sebastián, Spain

12:40

V-20

MR-guided liver tumor ablation employing open high-field 1.0T MRI for
image guided brachytherapy
J. Ricke, M. Seidensticker, M. Ludewig, K. Jungnickel, M. Pech, O. Dudeck,
J. Bunke, F. Fischbach
Magdeburg, Germany; Hamburg, Germany

12:50–01.45

Lunch Break

Session III
Friday, September 24, 01:45 – 03:00 pm
Poster Discussion Session
01.45-03.00

Poster Discussion – with all authors prepared to discuss their
work

03.00–03.30

Coffee Break

Session IV
Friday, September 24, 03:30 – 4:45 pm
Cellular Therapies, Targeted Drug Therapy, Safety
Moderators:

D. Kraitchman (Baltimore, MD, USA)
U. Teichgräber (Berlin, Germany)

03:30

MR-guidance for cellular therapies: diabetes and islet cell transplantation
C. Weiss
Baltimore, MD, USA

V-21
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03:45

V-22

Heart, cell therapy, and how to get there
D. L. Kraitchman
Baltimore, MD, USA

04:00

V-23

Intra-cerebral administration of therapeutics via MR guided convection
enhanced delivery
A. J. Martin, R. M. Richardson, K. H. Rosenbluth, A. P. Kells, J. R. Bringas,
G. Bates, L. Tansey, P. Piferi, P. A. Starr, P. S. Larson, K. S. Bankiewicz
San Francisco, CA, USA; Irvine, CA, USA

04:10

V-24

Guiding reporter probe injections using a novel X-ray-MRI fusion tool
T. Ehtiati, D. Kedziorek, Y. Fu, P. Walczak, N. Azene, S. Shea, F. Wacker,
D. L. Kraitchman
Baltimore, MD, USA

04:20

V-25

MRI-guided robotic drug delivery for lung diseases
P. Vartholomeos, C. Mavroidis, N. Hata
Boston, MA, USA

04:30

V-26

Safety—MR system and MR interactions of medical devices
G. Schaefers
Gelsenkirchen, Germany

04:45–05:30

Break

05:30–06:30

Dinner Symposium – MR-Guided Breast Interventions
Sponsored by Medicor, Kerpen, Germany / Hologic Inc,
Bedford, USA

05:30

Tips, tricks and materials
Overview technical equipment for MRI-guided breast intervention
M. Brown
Bedford, MA, USA

06:00

MR guided breast intervention
C. Kuhl
Aachen, Germany

06:30

Adjourn

10:00–04:30

Satellite Seminar for MRI Technologists – MR Safety (in German)
Organized by MR:comp GmbH, Gelsenkirchen, Germany
Information: www.mrcomp.com
Contact: info@mrcomp.com
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Session V
Saturday, September 25, 08:15 – 10:10 am
HIFU, Navigation
Moderators:

F. A. Jolesz (Boston, MA, USA)
C. Moonen (Bordeaux, France)

08:15

V-27

HIFU of uterine fibroids
W. Gedroyc
London, UK

08:30

V-28

MR-guided high intensity focused ultrasound of liver and kidney
C. Moonen
Bordeaux, France

08:45

V-29

In vivo MR acoustic radiation force imaging in the porcine liver
A. B. Holbrook, J. M. Santos, Y. Medan, K. Butts Pauly
Stanford, CA, USA; Los Altos, CA, USA; Tirat Carmel, Israel

08:55

V-30

Evaluation of vessel-based focal point tracking for focused ultrasound surgery
of liver under free breathing
D. Kokuryo, E. Kumamoto, Y. Takao, T. Kaihara, K. Kuroda
Chiba, Japan; Kobe, Japan; Kanagawa, Japan

09:05

V-31

MR-guided focused ultrasound: acoustic radiation force imaging
simultaneous with PRFS thermal monitoring at 3T using a fast GRE-EPI
sequence
V. Auboiroux, J.-N. Hyacinthe, J. Roland, M. Viallon, L. Petrușca, Th. Goget,
P. Gross, C. D. Becker, R. Salomir
Geneva, Switzerland; Erlangen, Germany

09:15

V-32

Navigation techniques for MR-guided interventions
H. Busse, N. Garnov, G. Thörmer, T. Kahn, M. Moche
Leipzig, Germany

09:30

V-33

Real-time scan plane selection with a novel hand-held device for needle
guidance
M. J. Riffe, S. R Yutzy , D. A. Nakamoto, D. P. Hsu, J. L. Sunshine,
C. A. Flask, V. Gulani, J. L. Duerk, M. A. Griswold
Cleveland, OH, Pittsburgh, PA, USA

09:40

V-34

Multi-touch enabled real time MRI interventions
A. B. Holbrook, J. M. Santos, K. Butts Pauly
Stanford, CA, USA; Los Altos, CA, USA

09:50

V-35

Real-time MR imaging with automatic instrument tracking from arbitrary
camera positions
N. Garnov, G. Thörmer, J. Otto, T. Kahn, M. Moche, H. Busse
Leipzig, Germany
11

10:00

V-36

10:10–10:40

Preliminary experience with real-time multiplanar bSSFP sequence for MRguided intervention
R. J. Stafford, L. Pan, K. Ahrar
Houston, TX, USA; Baltimore, MD, USA
Coffee Break

Session VI
Saturday, September 25, 10:40 – 12:35 am
Biopsy, Robotics, Vascular
Moderators:

G. Krombach (Gießen, Germany)
H. Busse (Leipzig, Germany)

10:40

V-37

Update on MR-guided biopsies
M. Moche, T. Kahn, H. Busse
Leipzig, Germany

10:55

V-38

Biopsy of liver lesions with MR fluoroscopy using an high field open MRI
scanner
F. Fischbach, J. Bunke, M. Thormann, M. Ludewig, G. Gaffke, K. Jungnickel,
J. Ricke
Magdeburg, Germany; Hamburg, Germany

11:05

V-39

MR-guided percutaneous retrograde drilling of osteochondritis dissecans of
the knee
R. Ojala, P. Kerimaa, M. Lakovaara, P. Hyvönen , J. Korhonen,
P. Lehenkari, O. Tervonen, R. Blanco Sequeiros
Oulu, Finland

11:15

V-40

Evaluation of a gradient based needle tracking system for MR-guided
interventions: phantom study and in-vivo evaluations
S. Valdeig, B. Fetics, L. Pan, M. Philip, C. R. Weiss, E. Nevo,
D. L. Kraitchman, F. K. Wacker
Baltimore, MD, USA

11:25

V-41

Diagnostic accuracy, usability, and workflow of a navigation solution for
MRI-guided simulated biopsies outside the bore
T. Riedel, N. Garnov, G. Thörmer, T. Kahn, M. Moche, H. Busse
Leipzig, Germany

11:35

V-42

Introduction of a new device for MR guided bone biopsies
M. Maybody, J. Kleimeyer, A. Winkel, S. B. Solomon
New York, NY, USA; Schwerin, Germany

11:45

V-43

Robotics in MRI-guided therapy
N. Hata
Boston, MA, USA
12

12:00

V-44

Interventional MRI—vascular applications
G. Krombach
Gießen, Germany

12:15

V-45

Developing guidelines for successfully interleaving active tracking of
catheters with steady-state imaging sequences
E. K. Brodsky, O. Unal , W. F. Block
Madison, WI, USA

12:25

V-46

Percutaneous portal vein access based on electromagnetic field needle
tracking navigation and MR-DynaCT fusion
T. Ehtiati, F. Wacker, S. Valdeig, D. L. Kraitchman, C. Weiss
Baltimore, MD, USA

12:35–01:45

Lunch Break

Session VII
Saturday, September 25, 01:45 – 03:25 pm
Vascular, Hybrid Systems
Moderators:

R. Razavi (London, UK)
M. Gutberlet (Leipzig, Germany)

01:45

V-47

Cardiac applications
R. Razavi
London, UK

02:00

V-48

Initial evaluation of a novel MR-EP RF ablation catheter
S. Weiss, B. David, O. Lips, S. Krueger, K.M. Luedek , P. Koken,
T. Schaeffter, J. Gill, R. Razavi
Hamburg, Germany; London, UK

02:10

V-49

Towards real-time MR-guided transarterial aortic valve implantation (TAVI): in
vivo evaluation in swine
H. H. Quick, P. Kahlert, H .Eggebrecht, G. M. Kaiser, N. Parohl, J. Albert,
I. McDougall, R. Erbel, M. E. Ladd
Erlangen, Germany; Essen, Germany; Vancouver, BC, Canada

02:20

V-50

TrueFISP based catheter tracking using a transmit array system
H. Celik, I. D. Mahcicek, E. Atalar
Ankara, Turkey

02:30

V-51

Real-time MRI at high spatial and temporal resolution
S. Zhang, M. Uecker, D. Voit, J. Frahm
Göttingen, Germany
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02:40

V-52

Real-time intravascular-coil based MRI endoscopy at 3T
P. A. Bottomley, S. Sathyanarayana, M. Schär, D. L. Kraitchman
Baltimore, MD USA; Cleveland, OH, USA; Bangalore, India

02:50

V-53

Augmented reality based MR image guided navigation system for flexible
endoscope
H. Haque, S. Morikawa, S. Naka, Y. Kurumi, H. Murayama, T. Tani,
T. Tetsuji
Tokyo, Japan; Ohtsu, Japan

03:00

V-54

Hybrid C-arm/iMRI systems: valuable contribution or unnecessary overkill
F. Wacker
Baltimore, MD, USA

03:15

V-55

Simultaneous ultrasound/MRI motion monitoring in the abdomen
L. Petrușca, P. Arnold, Th. Goget, Z. Celicanin, V. Auboiroux, M. Viallon,
F. Santini, V. De Luca, S. Terraz, C. Tanner, K. Scheffler, C. D. Becker,
P. Cattin, R. Salomir
Geneva, Switzerland; Basel, Switzerland; Zurich, Switzerland

03:25–03:50

Coffee Break

Session VIII
Saturday, September 25, 03:50 – 5:05 pm
Prostate
Moderators:

J. Ricke (Magdeburg, Germany)
F. Wacker (Baltimore, MD, USA)

03:50

V-56

Prostate MR guided interventions
C. Tempany
Boston, MA, USA

04:05

V-57

Role of 3D imaging with SPACE in MR guided prostate biopsy. Sequence
strategies
M. Garmer, S. Mateiescu, M. Busch, D. H. W. Grönemeyer
Bochum, Germany

04:15

V-58

Clinical feasibility and initial results of targeted prostate biopsy in a widebore 3-Tesla MRI
K. Tuncali, N. Hata, J. Tokuda, A. Fedorov, F. M. Fennessy, D. Kacher,
I. Iordachita, S. Oguro, S. Song, Y. Tang, C. M. C. Tempany
Boston, MA, USA; Baltimore, MD, USA

14

04:25

V-59

Improved prostate-cancer staging with an integrated endorectal/tracking coil
assembly
L. Qin, E. J. Schmidt, W. S. Hoge, J. Santos, C. Tempany-Afdbal,
K. Butts-Pauly, C. L. Dumoulin
Boston, MA, USA; Stanford, CA, USA; Cincinnati, OH, USA

04:35

V-60

MR-guided trans-perineal cryoablation of locally recurrent prostate
adenocarcinoma following radical retropubic prostatectomy: case series
D. A. Woodrum, L. A. Mynderse, A. Kawashima, K. R. Gorny, T. D. Atwell,
E. F. McPhail, K. K. Amrami, H. Bjarnason, M. R. Callstrom
Rochester, MN, USA

04:45

V-61

Preliminary experience with a supine MR guided transrectal needle guidance
system for prostate cancer targeted radiotherapy
C. Ménard, D. Iupati, J. Thoms, M. Haider, A. Bayley, P. Chung, J. Abed,
A. Simeonov, J. Publicover, W. Foltz, C. Elliott, D. Gallop, A. Krieger,
M. Milosevic, P. Warde, R. Bristow
Toronto, ON, Canada

04:55

V-62

Online guidance of tumor targeted brachytherapy using histologically
referenced MRI
D. Iupati, M. Haider, P. Chung, J. Abed, A. Simeonov, J. Publicover, J. Lee,
K. Brock, W. Foltz, G. O’Leary, C. Elliott, A. Krieger, D. Gallop,
M. Milosevic, R. Bristow, G. Morton, P. Warde, C. Ménard
Toronto, ON, Canada

05:05

Poster Awards and Conclusions
F. A. Jolesz, J. S. Lewin, Th. Kahn

05:15

Adjourn
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Poster Presentations
P-01

Efficacy of magnetic resonance image-guided liver surgery with a motorized
manipulator
S. Naka, Y. Kurumi, H. Murayama, K. Murakami, H. Shiomi, T. Tani, S. Morikawa,
J. Tokuda, N. Hata, H. A. Haque
Otsu, Japan; Boston, MA, USA; Tokyo, Japan

P-02

High field DTI data in the setting of real time intraoperative low field MRI for
millimeterscale guidance—effects of mechanical tissue distortion by surgical
instruments
A. G. Filler
Santa Monica, CA, USA

P-03

An optimized implantation system for MRI-guided neuro interventions: preliminary
evaluation of targeting accuracy
A. J. Martin, P. A. Starr, G. Bates, L. Tansey, R. M. Richardson, P. S. Larson
San Francisco, CA, USA; Irvine, CA, USA

P-04

Supine breast MRI: first steps towards image-aided breast-conserving surgery
P. Siegler, C. Holloway, P. Causer, G. Sela, G. Thevathasan, D. B. Plewes
Toronto ON, Canada

P-05

Real-time multi-baseline PRF-based MR thermometry for MR-guided RF ablation
procedures
P. Wang, W. Block, O. Unal
Madison, WI, USA

P-06

Fat temperature imaging based upon T1 of fatty acid species using multiple flip angle
multipoint Dixon acquisitions
K. Kuroda, T. Iwabuchi, M. K. Lam, M. Obara, M. Honda, K. Saito, M. V. Cauteren,
Y. Imai
Hiratsuka, Japan; Kobe, Japan; Utrecht, Netherlands; Tokyo, Japan; Isehara, Japan

P-07

Reference-free PRFS MR-thermometry using quasi-harmonic 2D reconstruction of the
background phase
R. Salomir, M. Viallon, A. Kickhefel, J. Roland, L. Petrușca, V. Auboiroux, Th. Goget,
S. Terraz, D. Morel, C. D. Becker, P. Gross
Geneva, Switzerland; Erlangen, Germany

P-08

MR temperature imaging validation of a bioheat transfer model for 3D prospective
planning of LITT
D. Fuentes, A. Elliott, J. Hazle, R. J. Stafford
Houston, TX, USA

P-09

MR-guided trans-perineal cryoablation of locally recurrent prostate adenocarcinoma
following radical retropubic prostatectomy (RRP): case series
D. A. Woodrum, L. A. Mynderse, A. Kawashima, K. R. Gorny, T. D. Atwell,
E. F. McPhail, B. Bolster, K. K. Amrami, H. Bjarnason, M. R. Callstrom
Rochester, MN, USA
16

P-10

Chemical shift-compensated hybrid referenceless and multi-baseline subtraction
thermometry
W. A. Grissom, V. Rieke, A. B. Holbrook, Y. Medan, K. Butts Pauly, C. Davis
Munich, Germany; Stanford, CA, USA; Tirat Carmel, Israel; Niskayuna, NY, USA

P-11

Chemically selective asymmetric spin-echo EPI phase imaging for internally
referenced MR thermometry
M. N. Streicher, D. Ivanov, D. Müller, A. Pampel, A. Schäfer, R. Turner
Leipzig, Germany

P-12

Dual-echo pulse sequence for temperature mapping of intradiscal laser ablation in an
1.0T open MRI
U. Wonneberger, B. Schnackenburg, W. Wlodarczyk, T. Walter, F. Streitparth,
J. Rump, U. Teichgräber
Berlin, Germany; Hamburg, Germany

P-13

Interference-free PRF-based MR thermometry – initial experience in 34 cases of
hepatic laser ablation
C. Rosenberg, A. Kickhefel, J. Roland, R. Puls, N. Hosten
Greifswald, Germany; Erlangen, Germany

P-14

Evaluation of the thermal dose concept during MR-guided RFA in a high field open
system at 1.0 T
K. Jungnickel, K. Lohfink, J. Bunke, K. Will, M. Ludewig, A. Omar, J. Ricke,
F. Fischbach
Magdeburg, Germany; Hamburg, Germany

P-15

PRFS Thermometry during radiofrequency ablation is corrupted by cavitation’s effects:
observation with simultaneous US/MR imaging and first order correction
M. Viallon, S. Terraz, J. Roland, E. Dumont, C. D. Becker, R. Salomir
Geneva, Switzerland; Erlangen, Germany; Pessac-Bordeaux, France

P-16

Echo time optimization in multi-point Dixon technique for component separation in fat
temperature imaging
M. K Lam, T. Iwabuchi, K. Saito, K. Kuroda
Hiratsuka, Japan; Utrecht, Netherlands; Kobe, Japan

P-17

Evaluation of reference-less PRF MR thermometry using LITT patient data
A. Kickhefel, C. Rosenberg, J. Roland, P. Gross, F. Schick, N. Hosten, R. Salomir
Erlangen, Germany; Tübingen, Germany; Greifswald, Germany; Geneva,
Switzerland

P-18

First clinical experience with navigated RF ablations in the liver using a closed-bore
1.5T MRI
D. Seider, H. Busse, N. Garnov, G. Thörmer, S. Heinig, T. Kahn, M. Moche
Leipzig, Germany

P-19

High-power filter for online MR treatment monitoring during RF Ablation
K. Will, K. Jungnickel, F. Fischbach, J. Ricke, G. Rose, A. Omar
Magdeburg, Germany
17

P-20

Laser-induced thermotherapy (LITT) of the liver in an open 1.0 T high-field MRI system
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Kobe, Japan; Chiba, Japan; Hiratsuka, Japan
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Physiological saline as a contrast agent for MR-guided epidural pain therapy
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V-01
Anticipated highlights of the 8th IMRI Symposium—what to
watch for
J. L. Duerk
Department of Radiology, Case Center for Imaging Research, Case Western Reserve
University,Cleveland, OH, USA

Dating back to the first Interventional MRI Symposium in Boston in 1994, the field of
interventional MRI has coupled medical need with technologic innovation to push basic
science development and clinical utilization and allowed MRI to evolve from a diagnostic
modality to one that is now routinely associated with the emergent role of therapeutic tool.
IMRI has evolved dramatically, as one would expect for a concept so rich in potential impact
and technical needs, over the past 16 years. Then, three clinical needs and early results by
medical pioneers provided visionary results in the areas of intraoperative monitoring, thermal
therapy, image guided biopsy (in the liver and brain). Our early meetings essentially focused
on topics such as MR compatible tools, rapid pulse sequences, small and large animal studies,
and relatively few (though some very important) clinical studies from a limited number of
research institutions.
Today, there are dramatic differences. At the 2010 meeting, approximately half of the
submissions were on Phase I-IV clinical trials or large number patient studies, demonstrating
significant progress and impact of IMRI in the clinical setting, oftentimes at institutions not
previously presenting at this meeting. Secondly, while early work focused on neural and body
applications, this year’s submissions are led by on half in the liver, equal fractions in
cardiovascular and musculoskeletal diseases, prostate, brain/spine and other body parts, in
decreasing order. I am particularly excited to see the progress, by for example those from
Philips and the Toronto group, in which EP ablation of the left pulmonary vein for cardiac
arrhythmias, have begun to be integrated into MRI systems, complete with tools,
instrumentation, registration, etc., and the aortic valve implantation led by the group in
Erlangen.
The primary clinical applications are thermal therapy and biopsy, with thermal therapy
accounting for about 2/3 of the clinical applications. It is also worth pointing out that at a
number of the earlier Dusseldorf meetings, there was great discussion on thermal therapy
monitoring methods. Discussions were lively and debate centered on diffusion, T1 and proton
resonant frequency shift methods for temperature visualization and measurement. Today, this
debate seems largely settle as over 90% of the abstracts using temperature monitoring use the
PRF method today. Further, earlier debate focused on what type of thermal therapy is most
suitable. This question, however, remains unresolved as there were almost an equal number
of HIFU, RF, laser and cryo thermal therapy submissions: in fact, this year, virtually each
thermal ablation. Personally, I look forward to this continued debate and perhaps, each is best
for different clinical applications. Two newer applications appear to have emerged: cell based
injection and radiation therapy/brachytherapy have been seen previously and solid growth in
these areas has continued since our last meeting in Baltimore in 2008. I am particularly
interested in hearing the talks by investigators from Hopkins in this area. It is also interesting
to see arthroscopy and kyphoplasty return to the meeting as these were some of the earlier
applications we investigated, for example, at CWRU in the late 1990’s.
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Technically, integration remains a priority. This year, we have a far greater number of
abtract submissions looking at methods to integrate IMRI’s advantages with other modalities,
patient based models, or other imaging information. The overall IMRI system varies greatly,
depending on the application. Hence, the neurosurgical IMRI assisted OR of today is far
more sophisticated than that used by Dr. Jolesz a decade ago. At the same time, systems for
prostate procedures requiring robots, breast –biopsy systems, new software methods to fuse
MRI with X-ray (or other modalities), or those technologies that allow procedures (e.g.,
biopsy) to be performed outside the bore based on information obtained while recently within
it (including virtual reality). Over the years, we have seen bore sizes increase, fields increase,
magnets on rails, patients on pivoting tables.
Geographically, IMRI continues to be a global endeavor. Over ten countries are
represented on the submissions. While Germany accounts for a majority, countries such as
Japan, Canada, China, Spain, Switzerland, France, and Turkey all provide notable
contributions. This diversity is sure to provide another stimulating dimension to the meeting.
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V-02
Interventional MRI systems review
S. G. Hushek
IMRIS Inc, Milwaukee, WI, USA

Objective
Review the various MRI systems used for interventional, intra-operative and
therapeutic procedures. Analyze the strengths and weaknesses of the various systems,
considering their targeted applications and the most common applications in the field. Trace
iMRI system developments and the evolution of the field from a hardware systems viewpoint.
Discuss new systems that are under development. Suggest opportunities for future
development.
Materials and Methods
A variety of magnetic resonance imaging systems have been developed or adapted to
meet the needs of interventional, surgical and therapeutic applications [1]. These systems
differed from diagnostic magnets because manipulation of the patient and/or access to the
patient became at least as important as image quality. Systems met the patient access
requirement by either keeping the patient in one place and changing the environment around
them from an imaging environment to a procedural environment, moving the patient between
procedural and imaging locations or simultaneously co-locating the procedural and imaging
environments. Each system can be judged by how well it provides features such as: patient
access, image quality; procedural versatility; ease of siting; efficiency and economic
utility.
One system that keeps the patient in one place and changes the environment around
them is the IMRISneuro, which moves a high field, cylindrical bore magnet in and out of the
operating room on overhead rails. The system works with either a 1.5T or 3T magnet and is
equipped with an MR compatible operating table that meets the requirements for
neurosurgery. The system provides a standard surgical environment, then during the
transition from surgery to imaging the room is re-configured and all the non-MR-compatible
equipment moved outside the 5G line. Some sites report that this can be accomplished in as
little as 7-8 minutes or even less, depending on the amount of equipment and the staff
available. The system can be configured in a either a 2 or 3 room suite, with one of the rooms
serving as a diagnostic room or a magnet storage bay and the other room(s) serving as an
operating room. The suite is controlled by a sophisticated system that insures safe magnet
movement, automatically shuts down non-MR-compatible electronics when the magnet enters
the room and has a host of safety features. Imaging coils designed specifically for
neurosurgery enable a neurosurgeon to “pin” a patient, then a coil to be added afterward that
fits between the head fixation device and the patient’s head. The first generation operating
table limits procedures to the head and neck. By May 2010, the fifteen installed sites had
done over 3800 procedures, and all sites reported utilization rates beyond what they had
projected at installation. The system provides a fully functional surgical environment,
excellent imaging capabilities and independent use of the various rooms, with the issues of
siting and re-configuring the rooms during the surgery-imaging transitions.
Another system that kept the patient fixed was the Polestar (Medtronic, Boulder CO)
which used a low field magnet (0.12T to 0.2T) positioned below the operating table that was
raised to either side of the patient’s head when images were required. The low field and
minimal fringe field enabled the use of standard surgical instruments and it was easy to site.
The system’s light weight allowed it to avoid any floor reinforcement requirements, a portable
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shield allowed it to be installed without a shielded room and its relatively low cost made it
affordable for a wide variety of institutions. It was tightly integrated with a surgical
navigation system, allowing automatic registration of the images it acquires. The system has
limited pulse sequence options and does not require extensive MR imaging training. The
system design does an excellent job meeting the surgical imperatives of the environment, but
its relatively small FOV, low field strength and imaging software limitations require
compromises when meeting some of the radiologic imperatives. The system has been
installed in more than 40 sites and has performed more than 4000 procedures.
The SignaSP (GE Healthcare, Waukesha WI) also keeps the patient fixed and
simultaneously co-locates the imaging and procedural volumes by effectively building the
magnet around the surgical field. The specially designed 0.5T magnet with a 58cm vertical
gap allows the physician to stand in the gap and access the patient. The imaging volume was
a 30cm sphere in the center of the gap and co-axial with the bores of the magnet halves.
Flexible, transmit/receive coils were employed. The gradient efficiency suffered from
removal of the conductors closest to the imaging volume and dB/dt issues limited the slew
rate. Stereotactic applications were supported with a tracking and navigation system linked to
interactive scan plane control of real-time pulse sequences. Surgical applications required the
use of MR compatible instrumentation and devices.
The system’s magnet was not self-shielded and required a significant amount of steel
for passive B0 shielding, which increased siting difficulty and cost. The gradient strength and
slew rate, B0 field strength and T/R surface coils combined for less than optimum image
quality. The MR compatible instrument requirement prevented the physicians from using
some of the devices and equipment they preferred, particularly with respect to the operating
microscopes. An MR compatible operating microscope was developed but it did not have the
sophisticated auto focus, zoom, navigation integration and other features surgeons had
become accustomed to. Operating microscopes had revolutionized the field of neurological
microsurgery and for some procedures surgeons felt the microscope was a higher priority than
the intra-operative MR. Fifteen of these systems were produced and were used extensively
for neurosurgical and interventional radiologic procedures but many have reached end-of-life
and are being retired. The co-location of the imaging and therapy volumes, combined with
the vertical gap, enabled a wide variety of innovative procedure to be performed and there is
little doubt that the systems pushed the envelope in the interventional and intra-operative MR
field.
Other systems have employed various patient transfer systems to move the patients
between imaging and surgical environments. Pivoting tables and linear bridge systems with
sliding table tops moved the patient between surgical and imaging environments within the
same room and fully mobile patient tables moved the patient between rooms. Versions of
these systems have also provided the option to move the patient to an x-ray angiographic
environment, with the most recent development combining a pivoting table with a moving
magnet to provide multi-modality capability with no anesthesia relocation. These “multimodality” suites have been implemented by various vendors, and some sites have even
independently developed their own solutions.
New developments have expanded MR’s role into the external beam radiation
oncology arena. MR has been of interest in the planning phase of external beam treatments
because of its target definition capabilities but CT fusion was required since CT images were
necessary to calculate the beam attenuation. Now systems are under development that would
allow simultaneous or near-simultaneous MR imaging with radiation therapy by either cobalt60 sources or linear accelerators. The anticipated clinical benefit is the same as for
interventional or surgical procedures – targeting information superior to that currently
available, provided in time to optimize the treatment. These systems are analogous to the
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MR-guided focused ultrasound systems, where the MR is used for targeting but the
therapeutic modality is totally non-invasive.
One system has combined a low-field, permanent magnet with a linear accelerator,
with the whole structure designed to rotate in the same way a linac gantry would normally
rotate. Preliminary results without the rotation have shown that it is possible to operate the
MR and linac simultaneously, with the system acquiring the first MR images during a linacsourced irradiation [2]. Small SNR losses were observed and, for the low field magnet used
in this system, insignificant differences were predicted between the radiation doses with and
without the magnetic field.
A radiotherapy system that has been proposed for truly simultaneous imaging and
treatment has a linac rotating around a modified cylindrical superconducting magnet. The
magnet and gradient coils will be designed to have less radio-opaque material in the beam
path and the configuration will require the linac and MR scanner to be co-compatible since
both will be operating simultaneously. Early results show that the split gradient coil creates
images with enough geometric distortion that the images of the first generation coil with
standard distortion correction software cannot be used for radiation therapy planning but the
project is still in its early stages. The clinical target likely to benefit the most would be lung
and abdominal tumors, where realtime imaging of the target should enable motioncompensation that is not possible today. This system is under development but the timing of
preliminary results is uncertain at this point. An alternative system employs an array of
cobalt-60 sources and avoids the issue of an MR-compatible linac but still requires an MR
compatible radiation emission control system. The gradient coil designs have many of the
same design considerations, suggesting that the radiation will be delivered in the axial plane at
the center of the magnet [3].
Conclusion
Interventional, surgical and therapeutic MRI continues to show progress as evidenced
by the increasing number of installations and the application expansion into new fields such
as radiation oncology. The applications expansion pushes the capabilities of existing systems
and motivates new system designs. Continued application expansion is inevitable with the
drive to reduce invasiveness, improve outcomes and increase efficiency. Many of the existing
systems have been in place for a significant period of time without widespread adoption by
the clinical community. Regardless of whether the field is still waiting for the optimum
system configuration, the “killer” application or the outcomes data before there is an iMRI
system in every community’s hospital, MR continues to be ideally positioned with its soft
tissue contrast, ever increasing image quality and lack of ionizing radiation,.
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V-03
Intraoperative MR-guided neurosurgery
C. L. Truwit
Department of Radiology, Hennepin County Medical Center, Minneapolis, MN, USA

Intraoperative MR-guided neurosurgery (ioMRI), born in the mid-1990's has finally
emerged as a well-recognized component of neurosurgical approaches to the management of
intracranial neoplasm. While other uses of this technology have been described, notably, in
functional neurosurgery applications, the field is principally oriented toward the treatment of
brain tumors.
Since the advent of surgical navigation systems, neurosurgeons have come to rely on
guidance in the resection of intra-axial neoplasm. Initially using frames and subsequently
using various approaches to frameless stereotactic guidance, surgeons have employed these
systems to orient their surgical approach and "picket fence" their resections. While these
approaches bring value, they are, unfortunately, limited in their clinical accuracy. Such limits
are generally not related to the mathematics involved, but rather the nagging complication of
brain shift when cerebrospinal fluid leaks from the craniotomy site. One of the fundamental
reasons for ioMRI is to overcome such brain shift; intradissection imaging allows for updated
3D imaging to reregister the navigation scheme in use.
Once accustomed to looking at intradissection images, neurosurgeons have come to
evolved in their surgical approach. Whereas most neurosurgeons have traditionally attempted
to completely resect tumors, those involved with ioMRI have come to learn that despite one's
best efforts, residual tumor is often apparent on MR in the surgical bed. As a result, such
surgeons have become more efficient, largely debulking tumors, approaching the tumor
margin, but not trying to define tumoral margins with the naked eye (with or without the
surgical microscope). Moreover, knowing that brain shift is a real phenomenon, the surgeons
debulk obvious tumor only. After such debulking, they obtain intradissection imaging to
guide the remainder of the resection, either by updated neuronavigation or by visual guidance.
What may seem like a minor difference is indeed a critical shift in thinking. In other
words, surgeons who become familiar with ioMRI start to think differently about their
approach. They come to look at intraoperative imaging as a critical step in their process.
In addition to the question of tumor resection, ioMRI has become invaluable in
minimally-invasive neurosurgery, notably for brain biopsy. With technical advancements in
stereotactic guidance, be it through the use of reregistered volumetric data sets (such as is
performed with the 3D Slicer), prospective stereotaxy (with the Navigus), or “real-time” MRguided frameless approaches, neurosurgeons at ioMRI sites have come to rely on the
scanner’s unique tools both to overcome brain shift and to guide surgeons to target.
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V-04
Optimal design for an intraoperative MRI-guided neurosurgical
suite
W. A. Hall 1, C. L. Truwit 2
Department of Neurosurgery, SUNY Upstate Medical University, Syracuse, NY, USA
2
Department of Radiology, Hennepin County Medical Center, Minneapolis, MN, USA
1

Objective
To determine the optimal design for an intraoperative magnetic resonance imaging
(ioMRI)-guided surgical suite that combines functionality with enhanced imaging capabilities.
Materials and Methods
The ideal magnet strength to perform ioMRI-guided neurosurgery has not been
determined. Magnets in surgical use have ranged from 0.12Tesla (T) to 3T. It also remains a
matter of debate whether the ioMRI scanner should be stationary (floor-mounted) or mobile,
being either pulled across the floor of the surgical suite into the operative position or moving
on ceiling mounted rails into position for imaging during surgery. Most ioMRI neurosurgical
systems are used primarily for the biopsy or resection of intracerebral neoplasms although
some surgeons are expanding the use of intraoperative imaging to treat spinal disease and
movement disorders. Spinal disorders have included degenerative disc disease, neoplasms,
and syringomyelia. Movement disorders such as Parkinson’s disease are being treated with
deep brain stimulator placement either with or without microelectrode recording. Combining
ioMRI with computed tomography, positron emission tomography, or biplane angiography
may further expand the capabilities of these systems to allow for the molecular imaging of
tumors and a multimodal approach to treating vascular disorders.
Results
In designing three ioMRI neurosurgical suites, we have amended our approach to
incorporate changes that we felt provided a therapeutic advantage for the neurosurgeon that
resulted in improved patient care. The first 1.5T high field ioMRI suite design (Figure 1)
offered a split personality where brain biopsies were performed at the far end of the suite
using non-ferromagnetic MRI-compatible surgical instrumentation, while ferromagnetic
instruments were used in the near end of the room during craniotomies outside the 5 Gauss
line [1].
The scanner allows for imaging from either side of the magnet provided all non-MRI
compatible instrumentation had been removed from the surgical field.
The second ioMRI suite housed a 3T magnet configured in a more traditional
diagnostic MRI suite, but with a surgical pit only at the “rear” of the suite (Figure 2). The
column extending from ceiling to floor contains the lines for suction and other essential gases.
The table extends out over the “pit” to facilitate performing surgery in an unencumbered
fashion.
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Figure 1. First generation 1.5 Tesla intraoperative MRI surgical suite.

Figure 2. 3 Tesla intraoperative MRI surgical suite showing the surgical “pit” in the foreground.

This design necessitated that all instrumentation entering the surgical suite had to be
MRI-compatible. This suite design enhanced surgical throughput since it was no longer
necessary to rotate the surgical table in order to dock with the magnet couch prior to obtaining
intraoperative imaging [2, 3]. Before imaging, the removal of surgical instrumentation was
not necessary. The only ferromagnetic surgical instruments that are utilized in this suite are
the plastic-handled scalpel and the suture needles.
The last in-line suite design has three rooms in which the 3T magnet is centrally
located. A conventional surgical suite is sited to one side of the magnet with a biplane
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angiography suite with surgical capabilities located on the other side. Surgery can be
performed in all of these three rooms simultaneously. Diagnostic imaging can be performed
while the angiography and surgical suites are in use. Once said diagnostic imaging is
completed, the suite can be utilized for surgical imaging of patients from either side. The
magnet is designed such that the patient can enter the magnet for imaging from either side.
Ferromagnetic instruments can be used in the surgical and angiography suites but must be
removed before the patient is transported into the room housing the magnet. We feel that this
last design offers the greatest degree of flexibility because it will expand the imaging
capabilities for the investigation of patients with vascular diseases, including stroke with
cerebral angiography, diffusion and perfusion weighted imaging, MR angiography, and MR
venography. By evaluating patients promptly following a vascular event, it is hoped that
intervention can be implemented that may result in arresting or reversing neural injury that
leads to an improved clinical outcome for the patient. Interventions could include
thrombolytic therapy for embolic disease, administration of calcium channel blockers for
vasospasm, or repositioning an aneurysm clip in the face of cerebral ischemia.
Conclusion
Based on the increasing number of units that have become operational since the
inception of the technology in 1994, it is with relative certainty that ioMRI is now recognized
as a useful adjunct to performing neurosurgery that can enhance the surgical outcome and
ultimately result in a decreased length of stay for the patient with subsequent lower medical
costs.
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Update on open MRI
U. Teichgräber
Department of Radiology, Charite - University Medicine, Berlin, Germany

Interventions guided by MRI gain more and more impact for clinical routine.
Successful interventions under MR-guidance have two requirements. One, the physician has
to have adequate access to the patient. And two, fast and qualitative imaging has to be
possible during the intervention. To ensure the complication free course of an image-guided
intervention, especially in MRI, unobstructed communication between the medical personal
and the interventionalist is crucial. The High Field Open MRI scanner (HFO Panorama,
Philips Healthcare) improves patient comfort and access to the patient, which are prerequisites
for performing MRI-guided operations. This lecture will give an overview of the possible
clinical applications in an open high field MRI scanner today and will discuss the technical
modifications and prerequisites for using an open MRI scanner for interventions.
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Introduction
Until recently laparoscopic liver resection was predominantly preformed in specialized
institutions. To determine the exact localization of the tumor and the liver vessels is often
difficult and can ensue in imprecise resection. Open configuration high-field MRI offers the
possibility of online localization of tumor and liver anatomy during the operation. It is our
project’s goal to establish laparoscopic liver resection in an open configuration high field
MRI. Conventional dissection instruments cannot be used in an MRI due to their
ferromagnetic properties.
Method and Material
Within preclinical trials, laparoscopic liver dissection with a Nd:YAG Laser 1064nm
was established. We differentiated open, laparoscopic and hand assisted surgery with 5 animal
models each. The pre and postoperative assessment consisted of an intra-operative blood loss,
total duration of resection and post-operative complications. After transferring the hand
assisted procedure into the 1.0 Tesla open MRI (Philips Panorama), the operation was
performed with new MRI compatible instruments, which were especially designed for our
project by our partners (MGB Berlin, WOM Berlin). We evaluated the feasibility of online
interactive imaging of the laser resection, the visualization of blood vessels and the
assessment of imaging difficulties (image artifacts) caused by the intervention within the
MRI.

Figure 1.

a: intraOP dynamic MR image. b: Simultaneous endoscopy image
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Results
All surgeries could be performed safely and without complications. The hand port
proved to be more effective compared to simple laparoscopy. Dissection was speedier (42 min
SD+/-9,21 vs. 65 min SD+/-4,66) and a minimal increase in blood loss (320 ml SD+/-77,8 vs.
255 ml SD+/-93,2) could be shown. The open approach showed no significant difference in
duration 44 min SD+/- vs. 42 min SD+/-9,21 or resection and blood loss (320 ml SD+/-77,8
vs. 337 ml SD+/-178l). During the operation the parenchyma and surrounding vessels could
be depicted in near real-time in plane with the dissection. The additional image information
improved the intra-operative orientation and proved to be helpful for the positioning of vessel
clips. The continuous imaging of the dissection procedure was complicated by intra-operative
manipulation and movement. Isolated image artifacts occurred during surgery. However, they
did not impede the procedure. During active image acquisition, artifacts occurred in MRimages as well as on the endoscopy screen.

Total procedure

Dissection

Coagulation

Blood

Specimen

time (min)

time (min)

time (min)

loss (ml)

Weight (g)

Cadaver

145

7

-

-

138

2

Cadaver

126

6

-

-

162

3

Cadaver

131

11

-

-

142

4

Living

137

9

5

250

177

5

Living

132

15

2

170

147

Animal

Type

1

Table 1.

Oveview results of the first liver resection in an oMRI

Conclusion
Minimal-invasive, laser-assisted liver dissection in an open MRI with the use of nonferromagnetic instruments is safe and practicable. This innovative technique enables near real
time navigation of surgical instruments and thus increases the surgeon’s intra-operative
orientation.
The additional visualization of the greater blood vessels allows precise clipping with a
potential reduction of blood loss. In the long run, MRI navigated laparoscopic liver resection
could enable an oncologically safe method for the resection of peripheral liver tumors
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Objective
In recent years there has been increased interest to perform cardiac interventions such
as EP ablation under MR-guidance. Directly monitoring the temperature rise during these
procedures could potentially be helpful to verify successful ablation and predict treatment
outcome. In this study, we investigate the feasibility of monitoring temperature changes in the
left ventricular myocardium in real-time using spiral imaging at 3T with varying imaging
parameters. Temperature images based on the proton resonance frequency (PRF) shift are
reconstructed using a hybrid method [1] that combines multi-baseline subtraction and
referenceless thermometry.
Materials and Methods
Short-axis free-breathing cardiac images were acquired in three volunteers (no heat
applied) in real-time [3] using spiral gradient echo acquisitions with 4-5 interleaves on a 3T
scanner. To test the influence of imaging parameters on the uncertainty in the temperature
maps, echo times of 3 ms, 5 ms, and 7 ms, and slice thicknesses of 5 mm and 10 mm were
tested (TR = 23-27 ms). Images were acquired with a single 5-inch coil.
Hybrid temperature image reconstruction was performed off-line in Matlab. The
hybrid imaging model assumes that three sources contribute to image phase during thermal
treatment: Background anatomical phase, spatially smooth phase deviations, and focal, heatinduced phase shifts. This leads to the following treatment image model at voxel j:

 Nl
 i({Ac} +t )
j
j
∑ wl xl, j e
,
 l=1

where the wl are the baseline image weights, the xl are the (complex) baseline images, A and c
are the polynomial basis matrix and coefficient vector, respectively, and t is the temperature
induced phase shift. The hybrid algorithm estimates w, c, and t [1,2].
For the referenceless portion of the processing, sixth-order background polynomials
were used and for the multi-baseline portion baseline libraries were comprised of 150 images
(sliding window reconstruction) acquired during free breathing, representing approximately
three cardiac cycles. Temperature reconstruction was performed over circular regions of
interest (ROI) containing the entire left ventricle (shown in Fig. 1). Temperature uncertainty
(σT) was measured in ROIs manually selected in the septum and the free ventricular wall in
images during systole and diastole.
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Results
The lowest temperature uncertainty was always measured in the septum during
systole, followed by septum during diastole and free wall during systole. The temperature
uncertainty was always highest in the free wall during diastole. Increasing the slice thickness
from 5 mm to 10 mm decreases σT in all cases.
The results show that increasing the echo time from 3 ms to 7 ms decreases the
temperature uncertainty. Results for a 10 mm thick slice averaged over two volunteers are
given in Table 1. However, in the third volunteer σT in the free ventricular wall actually
increased at 7 ms compared to 5 ms during diastole. In this case, T2* decay due to poor
shimming caused very low signal in the free wall. Because it was difficult to see the outline of
the free wall and, therefore, manually placing an ROI for uncertainty calculation, the data of
this is volunteer was not used in Table 1.
Discussion
The results show that temperature monitoring in the left ventricular myocardium is
feasible with the hybrid method in real-time. Echo times have to be chosen carefully: a longer
TE allows for longer phase accrual, but increases T2* decay especially in the free wall near
the lungs. This observation is in agreement with the optimum echo time for lowest σT, which
is at TE = T2* [4], although actual T2* values were not measured in this study. Therefore,
good shimming is necessary to minimize T2* signal loss.
No blood suppression was used for the image acquisition, resulting in hypointense
signal in the myocardium compared to the blood in the ventricles. Although this did not effect
the hybrid temperature reconstruction, it made it difficult to automatically detect the
myocardium for temperature display and uncertainty calculation, which for this reason was
done manually. Fast blood suppression that only minimally increases imaging speed could,
therefore, be beneficial for cardiac thermometry.
Table 1 Temperature uncertainty (σT) of the temperature in the septum and free wall during systole and diastole
for several echo time (slice thickness = 10 mm).

σT
Septum
Free Wall

Systole
Diastole
Systole
Diastole

TE = 3 ms
1.9
2.5
3.3
6.9
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TE = 5 ms
1.3
1.6
2.5
5.0

TE = 7 ms
1.0
1.3
2.4
3.7

Figure 1.
Magnitude images and temperature overlay onto the left ventricular myocardium showing the
temperature uncertainty for three different echo times during systole and diastole. The dashed circle shows
the circular regions for the hybrid temperature estimation.

Conclusion
Temperature measurements in the left ventricular myocardium in real-time with a
hybrid referenceless and multi-baseline method can achieve low temperature uncertainties
that make in vivo thermal ablation monitoring feasible.
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Measurement of the temperature response of multiple intrinsic
MR parameters using a rapid chemical shift imaging technique
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Objective
We investigated the temperature response of multiple parameters using a rapid
chemical shift imaging (CSI) technique that monitors the proton resonant frequency (PRF)
shift for temperature estimation in addition to the R2* and T1-W amplitude of multiple
proton-containing components (water, methylene, methyl, etc) at resolutions comparable to
CPD techniques [1, 2]. We report the changes in R2* and T1-W amplitudes as a function of
temperature and compare them to changes predicted by Arrhenius rate analysis with hope that
these parameters may help predict outcomes for thermal therapies.
Materials and Methods
Canine bone marrow, brain, kidney, liver and prostate tissue were treated with a watercooled applicator housing a 980-nm laser fiber with a 1-cm diffusing tip powered by a 15 W
diode laser source (BioTex Inc., Houston, TX) on a clinical MR scanners at 1.5T (Excite HD,
GEHT, Waukesha, WI) and 3T (TwinSpeed Excite HD, GE Healthcare, Waukesha, WI). A
fluoroptic temperature probe (M3300, Luxtron, Santa Clara, CA) was inserted in order to
provide an absolute measurement of temperature. In each ablation, the multi-gradient echo
(MGE) acquisition (1.5T: ETL=16 echoes; minimum TE (TE0)=2.0 ms; ESP=3.2 ms; TR=69
ms; FA=30-40°; rBW=244 Hz/pixel, acquisition matrix=128x128; voxel volume=1.6x1.6x4.0
mm3; 5 sec/image; parallel imaging acceleration factor=2. 3T: TE0=2.1 ms; ESP=1.8 ms;
rBW=325 Hz/pixel) was used. Echoes were acquired with unipolar gradients separated by
flyback rewinder gradients. ROIs (2 x 2 voxels) were chosen in areas that reached ablative
temperatures (≥54 °C) with each pixel processed individually. Using the calculated
temperature sensitivity coefficients from water (and bulk methylene PRF as an internal
reference if present), the changes in the PRFs were converted to temperature changes and
added to the baseline temperature provided by the fluoroptic temperature probe; thereby
providing absolute temperature readings.
In at least five ROIs in each tissue type, the water R2* was measured. In each plot of R2*
displayed an inflection point. Blinded by the temperature and thermal dose data, data points
were labeled as 0 before the inflection point and 1 after the inflection point with respect to
time on the R2* plot. Next, binomial logit analysis was used to fit the data as a function of
thermal dose. The probability, P, of the logit curve is defined as

where and are coefficients determined by the fit. The dose was calculated from the
Arrhenius rate model for thermal damage where

A is the frequency factor, Ea is the activation energy, R is the universal gas constant (8.315
JK-1mol-1) and T( ) is the temperature in degrees Celsius as a function of time, [3]. A and Ea
values were chosen to predict protein denaturation (A: 3.1 x 1098 s-1, Ea: 6.3 x 105 J mol-1) [4].
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≥1 signified tissue damage and this threshold have been used in previous studies [5, 6]. The
dose was recorded where the probability of the fit equaled 0.5 (also known as LD50). The
purpose of this measurement is to characterize the signal change as a function of thermal dose
to determine if the changes occur where damage is expected to occur. The slopes of lines were
measured before and after the inflection point with respect to time and compared using a twotailed Student’s t-test with equal variances (as determined by an F-Test).
Results
Figure 1 displays the logit fits for each of the tissues along with a logit fit for all the
tissues combined. Table 5-5 also shows the LD50 with uncertainty. In each case, an of 1
was within the 95% confidence interval for LD50. In the formulism by Henriques [4], this
value was used to signify irreversible damage by protein denaturation.

Figure 1.
Logit fits for bone marrow, brain, liver, prostate and kidney tissue. Using binomial logit
analysis, the probability of 0.5 that a R2* change occurred were at thermal dose values known to cause
irreversible damage as shown by Henriques [4]. The black line is the logit fit. The blue solid and dashed lines are
the LD50 values and the standard error, respectively. The circles are binary data points for the curve fitting. Note
that there are several binary points beyond =2 (Range: 0-1.49x107). N is the number of binary points. This
shows that the R2* changes are occurring where damage is expected to occur.
Figure 2.
Temperature
response water R2* (a) and
amplitude (b) as well as the lipid R2*
(c) and amplitude (d) of bone marrow
at 3.0T.
The dashed line in each plot
represents the Arrhenius dose model
98

calculation
5

(A: 3.1·10 s-1,

EA:

6.3·10 J/mol) [4]. Changes in the
slope can be seen when the Arrhenius
dose,
, approaches 1.0, which
signifies damage to the tissue.

As an example of the signal change in lipid tissue, the R2* and signal amplitude of
water and each lipid in bone marrow were plotted along with the Arrhenius rate estimate for
irreversible tissue damage as a function of temperature in figure 2. The slope between 17 °C
and 54 °C was 2.8 ± 0.1 %/°C (R2=0.965). At 54 °C and above, the slope was -1.6 ± 0.2 %/°C
(R2=0.917). Each of these slopes were statistically different from one another (p<0.0001). For
bulk and terminal methylene there is an asymptotic decrease in R2* until approached unity.
approached unity. In the amplitude
There was also a change in the methyl R2* slope as
measurements, a shift in the slope can be observed in the water peak. At temperatures where
<1, the slope was 0.4 ± 0.1 %/°C (R2=0.824). At temperatures where ≥1, the slope was 37

1.0 ± 0.2 %/°C (R2=0.905). In the lipid peaks, the temperature response reduced in the bulk
methylene, terminal methylene and methyl peaks by 75%, 88% and 80%, respectively, at the
same temperature region.
Figure 3 demonstrates what was typically seen in non-lipid tissue. This is a case from
brain tissue. Table 1 lists temperatures where the break points occurred according to
Arrhenius rate model analysis along with the slopes between these temperatures. In all tissues
except prostate, there was a statistically significant change in the R2* slope when damage is
predicted to occur. This was more evident compared to the amplitude slopes.

Figure 3: The water R2* (a) and amplitude (b) temperature response of brain tissue at 3.0T.
As with the bone marrow, changes in slope can be seen when approaches 1.0. The break points in the
parameters were seen at 57.1 ± 1.2 °C. This corresponds to temperatures where phase changes are seen in the
protein state.
Table 1: Temperature break points (
Tissue

>1) with linear regression slopes above/below these points.

Bone

Temperature
at =1
54.2 ± 1.2

R2* Slope (%/°C)
37 °to Break Point (BP)
Above BP
2.8 ± 0.1 %/°C(R2=0.965)
1.6 ± 0.2 %/°C (R2=0.917)**

Brain

57.1 ± 1.2

5.5 ± 0.4 %/°C(R2=0.945)

4.3 ± 0.6 %/°C (R2=0.792)**

Liver

52.2 ± 0.4

0.7 ± 0.3 %/°C(R2=0.852)

1.2 ± 0.1 %/°C (R2=0.894)**

Prostate

57.0 ± 1.0

0.2 ± 0.1 %/°C(R2=0.872)

Kidney

57.0 ± 0.4

2.1 ± 0.5 %/°C(R2=0.625)

0.4 ± 0.1 %/°C (R2=0.565)
1.0 ± 0.4 %/°C (R2=0.717)**

Amplitude (%/°C)
37 °C to BP
Above BP
0.4 ± 0.1 %/°C
1.0± 0.2
(R2=0.824)
(R2=0.905)**
0.4 ± 0.1 %/°C
1.0 ± 0.2
(R2=0.799)
(R2=0.803)*
0.8 ± 0.3 %/°C
0.9 ± 0.2
(R2=0.874)
(R2=0.924)
0.4 ± 0.2 %/°C
0.5 ± 0.1
(R2=0.851)
(R2=0.944)
0.7 ± 0.3 %/°C
0.7 ± 0.1
(R2=0.823)
(R2=0.857)

%/°C
%/°C
%/°C
%/°C
%/°C

* p<0.05,** p<0.001 compared to slope before the break point

Conclusion
When ≥1, there was a consistent, sharp, measureable change in the slope of the R2*
of water versus temperature. It is important to note that the PRF sensitivity did not change at
ablative temperatures. Therefore, it appears that using the multiparametric spectral estimates
provided by the high spatiotemporal resolution chemical shift imaging sequence during
heating may return information on physical tissue changes taking place, such as
conformational phase transitions of proteins, which directly influence the proton chemical
macroenvironment and, thereby, relaxation as observed in R2* mapping and T1-W signal
changes. These observations warrant further investigation in vivo and in other tissue,
particularly in the presence of heat sensitization agents which might be used to lower the
therapeutic window as direct validations of phase changes in protein states during treatment.
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Objective
Cryoablation is a promising minimally invasive therapy to effectively destroy
localized tumors on an outpatient basis. MRI guidance is well suited for both accurate
placement of the cryoablation needle into the target tissue and online monitoring of the iceball
growth, such that the tumor is completely treated and adjacent structures are not damaged. In
addition, there has been recent research on measuring temperature within the iceball using
ultra-short echo times and R2* mapping [1, 2]. The purpose of this work is to investigate in
vivo the use of the proton resonance frequency (PRF) shift method [3] for measuring
temperature in close proximity to the region being ablated. The presented cryoablation
workflow is fully MR-guided using specially designed multiplanar real-time sequences and an
intuitive tool for accurately visualizing the progress of thermal treatment at the time of the
procedure.
Materials and Methods
In vivo pig experiments were approved by the institutional animal care and use
committee and were performed on a 1.5T Siemens Magnetom Espree scanner (Siemens
Healthcare, Erlangen, Germany). Three pigs were pre-anesthetized, intubated, maintained on
isoflurane, and positioned head-first, supine in the scanner. A 6-element body matrix coil was
used for signal reception. Cryoablation was performed using an MRI-compatible cryotherapy
Figure 1.
System
setup visualizing the flow
of argon gas for freezing
and helium gas for active
thawing. The flow of gas
is handled at the cryo
machine in the control
room and the cryoablation
needles are connected to
the cryo unit inside the
scanner room. The display
of the developed thermal
therapy monitoring and
guidance system, called
TMAP@IFE, is projected
onto a screen next to the
MR scanner.
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system (GalilMedical, Yokneam, Israel) which uses argon gas for freezing and helium for
thawing (see Fig. 1).
Both cryoablation needle placement and treatment monitoring were performed in the
MR scanner as illustrated in Figure 2. As the iceball size is strongly dependent on the number
of cryoablation needles used and the distance between them, we used one 17-gauge
cryoablation needle (IceRod®, GalilMedical) in one pig and two in the other two pigs. We
further inserted a fiber optic temperature probe (Neoptix, Québec, Canada) into the kidney for
ground truth temperature measurement. The needles were placed through the lateral
abdominal wall into the kidney using a custom real-time interactive Turbo FLASH sequence
(BEAT_iRTTT, TE = 2.65msec, TR = 832msec, resolution = 2.3 x 2.3 x 10mm, flip angle =
20°), coupled to IFE, an interactive multiplanar navigation software [4]. Ice formation during
the two freeze-thaw cycles (15-5-10-5 minutes) was monitored every minute under breathhold
conditions using a multislice PRF gradient echo sequence (TE = 5msec , TR = 51msec,
resolution = 2.3 x 2.3 x 5 mm, flip angle = 25° ). Three parallel scan planes were placed
perpendicular to the cryoablation needle at distances of 1, 2 and 3 cm from the needle tip (see
Fig. 3). For advanced visualization of the progress of thermal treatment, we used
TMAP@IFE, a custom-built thermal therapy guidance application [5], built on the IFE
framework and fully integrated into the standard scanner network. The TMAP@IFE was
displayed in the MR control room and also duplicated to a projection screen in the scanner
room (see Fig. 1). Post-ablation imaging was performed when the kidney returned to body
temperature after the end of the second freeze-thaw cycle.

Figure 2.
MR-guided cryoablation workflow covering both cryoablation needle placement and
treatment monitoring. The cryoablation needle(s) and the fiber optic temperature probe were interactively
placed using the BEAT_iRTTT sequence, a specially designed multiplanar real-time Turbo FLASH
sequence. For online temperature monitoring of the two freeze-thaw cycles a custom PRF gradient echo
sequence was used. The acquired images were sent via TCP/IP socket connection to our thermal therapy
guidance framework (TMAP@IFE) for advanced real-time visualization of the ablation progress.

Results
Temperature sensitivity for PRF is maximized when TE = T2* for a given tissue.
However, needle artifacts increase with increasing TE. For the 17-gauge cryoablation probe, it
was observed that the resulting needle artifact from PRF imaging with TE = 20msec nearly
covered the entire iceball (see Fig. 3 and 4). Therefore, TE = 5msec was chosen to allow for
monitoring of the iceball growth.
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Figure 3.
Expected iceball size and
placement of scan planes.

Figure 4.
Cryoablation needle artifact (mean diameter
in mm) for different TEs at 45° and 90° with respect to B0.

As shown in Figures 5 and 6, we could successfully measure the temperature in close
proximity to the iceball giving an indication if nearby critical structures are harmed. In
addition, we could verify by the temperature probe that the temperature around the iceball
increases very fast during active thawing. In about two minutes the temperature was back to
body temperature. As expected, the iceball size is strongly dependent on how close to each
other the cryoablation needles are placed (compare Fig. 5 and 7). In addition, an increasing
iceball size results in an increasing susceptibility artifact which strongly influences the PRF
method. The artifact is most pronounced perpendicular to the external magnetic field B0 (see
Fig. 7). Methods to efficiently calculate phase changes from estimated susceptibility
distributions have been proposed [6, 7]. However, these methods need further validation for
accurately determining temperatures within the iceball-induced susceptibility artifact.

Figure 6.
Temperature over time at a voxel
close to iceball border. Both the PRF method and
the temperature probe show that the temperature
drops very fast but also rises rapidly during active
thawing.

Figure 5.
A cross-sectional PRF magnitude
image of two cryoablation needles placed 4.2cm
from each other with the corresponding phasederived temperature map overlaid. Temperature
measurements between the two probes show a
smooth freezing profile.

10min of freezing
after 1st freezing
after 1st thawing
after 2nd freezing
17 x 18 mm
26 x 22 mm
21 x 17 mm
31 x 27 mm
Figure 7.
The progression iceball growth through two freeze-thaw cycles for two cryoablation needles
separated by 1.3cm in a pig kidney. The susceptibility artifact induced by the iceball was most pronounced
perpendicular to B0 and increased with increasing iceball size (given in second line for each image). The
cryoneedle artifact in the left figure is colored black as well as the iceball in the other four figures. The
temperature scale is the same as in Figure 5.
before ablation
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Conclusion
This study demonstrates the feasibility of accurate temperature measurements using
the PRF method in close proximity to the iceball. However, the susceptibility artifact induced
by the iceball needs to be considered for large iceball sizes. Using the PRF method for online
thermometry might reduce the need for placing additional, invasive temperature probes which
can be time consuming and difficult.
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Continuous real-time MR thermometry in moving organs—
clinical routine during laser ablation of hepatic tumors
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Greifswald, Germany
Percutaneous thermal ablative procedures in the liver traditionally benefit from
magnetic resonance imaging (MRI) guidance. The ability to acquire near real-time maps of
in-vivo body and tissue temperature superiorly makes MRI a well suited modality for guiding
and monitoring minimally invasive thermal therapies.
Ablative hyperthermal tumor therapies induce tissue coagulation and acute necrosis
through processes such as protein coagulation. For therapy success, exposure of the entire
target tumor volume to an adequate temperature over a specific time is mandatory. At the
same time destruction of healthy surrounding tissue shall be limited, harm to sensitive
neighboring structures avoided. Heat contribution depends on the character of applied energy
- momentarily laser, radiofrequency, microwave or non-invasive high-focused ultrasound
(HIFU) – as well as on the structure and architecture of the targeted tissue. Effective heat
distribution is non-predictable and needs online monitoring. Fulfillment of therapy control at
the time of treatment - just as in other local cancer therapies including surgery - demands
independent parameters do define a therapy end point and to detect therapy-related adverse
events. Out of a variety of different methods of MR temperature mapping the proton
resonance frequency shift method (PRF) is the most promising alternative at the moment.
Having overcome limitations in the moving liver, the PRF method exclusively offers linear
relationship to temperature and low susceptibility to tissue changes.
MR susceptibility to interference from radiofrequency currents is a well-known
limitation to this specific ablative modality. Lacking sufficient filter systems, RF ablation and
MR data acquisition are actually interleaved and therefore not meeting the requirements of
near online monitoring in this specific setting. Laser ablation, in contrast, is an interferencefree MRI-guided ablation technique and exclusively well suited to be monitored through PRF
thermal mapping.
Teaching goals: 1) Update on clinical applicability of MR thermometry in thermal
ablative procedures. 2) Special focus on laser-specific properties, being beneficial to near realtime therapy monitoring.
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Objective
For thermal therapies such as radio frequency, laser or focused ultrasound ablation
thermometry is required. The preferred thermometry methods are non-invasive MR
temperature measurements. In the most commonly applied proton resonance frequency (PRF)
shift thermometry, temperature changes are calculated based on phase differences with
respect to a reference. Since PRF thermometry is very sensitive to inter scan motion, this
method is prone to motion artifacts. In the treatment of abdominal organs such as liver or
kidney, breathing motion causes large tissue displacements. Different approaches have been
proposed to address this problem. Triggered pulse sequences synchronize image acquisition to
breathing motion [1-4], multi-baseline approaches acquire an atlas of reference images [3],
and referenceless methods estimate the reference phase without a reference acquisition [5].
Recently, a novel navigator technique for triggering MR thermometry image acquisition was
presented [6]. In this work, an improved navigator acquisition was proposed. Additionally, the
quality of the navigator signal was enhanced by Kalman filtering.
Materials and Methods
All experiments were carried out on a clinical 1.5 T whole body MR system
(Magnetom Symphony, Siemens, Erlangen, Germany). The filtering and trigger algorithm
was implemented directly on the image reconstruction system of the MR scanner.
Pulse Sequence - A segmented EPI sequence (parameters: TR/TE = 25/15 ms, =
18°, FOV: 298×216 mm, matrix: 128×92, slice thickness: 5 mm, EPI factor: 11, acquisition
time per slice: 225 ms) was modified for triggered temperature mapping (Fig. 1). A bipolar
gradient was inserted after slice selection and subsequently a navigator ADC without spatial
encoding was acquired prior to the start of the readout train and the phase encoding gradients.
Since the echo times of thermometry sequences are relatively long, the additional navigator
gradients did not lead to a lengthening of TR. Until a trigger event was generated to start the
acquisition of a complete slice (cf. trigger algorithm below), the first segment was acquired
repeatedly to maintain magnetization steady state for subsequent image acquisition. The
bipolar gradient was inverted for every second acquisition of the EPI echo train. Therefore, an
increased total velocity sensitivity of VENC = 0.15 m/s could be realized. Velocity encoding
can be applied in readout, phase encoding and slice selection direction. After a trigger event,
velocity encoding was automatically disabled during image acquisition.
Trigger Algorithm - Each navigator ADC measured eight complex signal values
within 20 s, which were averaged. The phase of the values was unwrapped over time.
Velocity was calculated by using the current velocity encoded navigator value and its
inversely encoded predecessor (temporal distance: 1 × TR = 25 ms). A Kalman filter (cf.
below) was applied to reduce noise and remove pulsation without a considerable temporal
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Figure 1.

Pulse sequence diagram of the segmented EPI sequence including velocity encoded navigator
acquisition. Alternating bipolar gradients (orange) are applied before navigator ADC.

delay. A trigger event was generated for each zero-crossing of increasing velocity values.
Trigger events were sent back from the image reconstruction computer to the gradient
hardware using a real-time feedback mechanism.
Kalman Filter - The measured velocity values were filtered by a Kalman filter using a
linear periodic motion model [7]:
 x
 1
x =  ; A =  2
v 
− ω ∆t

0 
∆t 
0.001
; Q=
; H = [0 1] ; R = [0.1]

0.001
1
 0

(1)

The system state vector x contains position x and velocity v. The model matrix A describes a
periodic motion with frequency . A prediction step is performed every ∆t = 50 ms. The
covariance matrix Q specifies the uncertainty of the model. H is the measurement matrix of
the filter and R characterizes the uncertainty of the velocity measurement.
Online Thermometry - Temperature data was evaluated immediately after image reconstruction on a separate workstation using the thermal ablation monitoring tool TAM [8].
All thermometry images were directly transmitted from the image reconstruction system via a
TCP/IP connection to the workstation.
Experiment - To verify the robustness of the motion correction, a volunteer
experiment without heating was performed. A transverse slice position containing the liver of
the freely breathing person was selected. Velocity encoding was performed in head-feetdirection (i.e. slice selection direction). The frequency of the modeled periodic motion was
adjusted manually to the breathing frequency of the volunteer.
Results
The phase variation of the navigator signal is shown in Figure 2(a). Measured and
filtered velocity values are plotted in Figure 2(b). Trigger positions are marked with green
arrows. During the experiment, robust triggering without any erroneous trigger events was
observed. The temperature deviation inside the liver during the non-heating experiment was
± 3.8 K. Figure 3 shows one of the temperature maps.
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Figure 2.

Navigator data over time: (a) Velocity encoded phase values. (b) Measured and filtered
velocity. Trigger positions are marked with green arrows.

Figure 3.

Triggered temperature map and corresponding magnitude image of a freely breathing
volunteer.

Conclusion
A sufficient temporal accuracy of the trigger events was achieved, due to the high
temporal resolution of the velocity-sensitive navigator signal of 20 Hz. In comparison to [6]
an improved pulse sequence for velocity triggering was presented. By using inverted bipolar
gradients in every second repetition, VENC could be reduced from 0.3 m/s to 0.15 m/s, and
triggering could be based exclusively on the velocity information. Therefore, neither
shimming with breath hold, nor a time-consuming learning phase at the beginning of the
procedure was required.
The Kalman filtering with a periodic motion model reduced noise and removed
pulsation spikes without a considerable temporal delay. In conclusion, the proposed method
allows for precise triggering of MR temperature image acquisition by directly analyzing the
abdominal motion.
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Objective
Laser induced interstitial thermal therapy (LITT) is a minimally invasive approach for
the treatment of brain tumors [1-4]. The AutoLITT® system, offers a new technique using
side fire technology to allow more conformal delivery of thermal damage with real time MR
guidance. A recent clinical study on the first human application of AutoLITT provided
further evidence on the safety and effectiveness of LITT. The cooled, side fire laser delivery
probe is used in conjunction with real-time MRI thermography. This allows the surgeon to
countour the treatment to the shape of the tumor using the rigid probe to create thermal
damage radially around the probe axis, while developing conformal treatment profiles. The
first application in humans provided an opportunity to evaluate the ability to treat an
irregularly shaped volume in glioblastoma multiformes (GBMs).
Materials and Methods
Ten patients with recurrent glioblastoma multiforme were included in the study. After
stereotactic biopsy confirming diagnosis, anesthetized patients were secured in a head fixation
device in a Siemens 1.5T Espree MRI. The probe driver assembly (see Figure 1) was
attached to the trajectory guide and then the 3.3mm diameter, gas-cooled, rigid side-firing
laser probe was inserted through the burr hole under MR guidance. The probe tip can be seen
in Figure 2. The probe is coupled via fiber optic cable to a 1064nm diode laser located
outside of the MRI suite. Following the completion of an initial series of MRI images, the
neurosurgeon delineated the treatment area using the AutoLITT software through contrast
enhanced, T1w images. The probe tip was then positioned at the first treatment position by the
surgeon. The side fire laser probe could be fired in any angular direction (+/- 170° in 5°
increments) based on the shape of the treatment area at any depth location (up to 40 mm
distance) of the probe. Rotary and linear positions of the probe were adjusted by the surgeon
through manipulation of rotary dials located near the rear face of the MRI (outside of bore).
Real-time MRI thermometry images (3 slices perpendicular to the probe) were acquired
during laser delivery and used by the surgeon to monitor the expansion of thermal damage.
Predictive maps of thermal damage contours (3 “iso-dose” lines) were displayed in real time
in addition to the temperature data in order to track total treatment volume. Subsequent
positions of the probe were determined by the surgeon based on the thermal damage
progression (as demonstrated by the software) and the location of untreated areas. Following
treatment of the tumors, MR imaging was obtained at 24 and 48 hours, and 7, 14, 21, 28, and
90 and 180 days as possible.
Results
Thermal damage expansion from the side fire probe extended along the laser exit path
and progressed out toward the tumor margin with limited damage progression in the opposite
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direction. Rotation of the probe allowed the neurosurgeon to create conformal lesions within
irregular shaped treatment areas. Thermal treatment results following the first laser
application in one patient is shown in Figure 3. The MR images shown are 5mm thick
acquisitions perpendicular to the probe with the center image aligned to the laser exit location
(laser direction shown by blue arrow). Three predictive thermal dosage contour lines (white,
blue, yellow) and the treatment boundary (green) are also shown. The temperature map is not
visualized in these views. Note that thermal damage tended to remain in the middle (Slice 3)
and distal slice (Slice 2) relative to the laser exit and rarely progressed in a proximal slice
(Slice 4) due to the slightly forward firing nature of the probe tip (78° exit angle). The
second laser trajectory (shot) (Figure 4) allowed expansion of the damage zone in the opposite
direction. This patient in fact had a total of 7 laser shots in various directions at 3 different
depths within the treatment volume. Figures 5 and 6 show the results of individual treatments
for two other patients in the study. Depending on the shape, probe location, and thermal dose
used for each case (yellow, blue or white damage contour), treatment was stopped when the
damage contour extended beyond the defined tumor margin (enhancement edge) at any
location. In all cases clinical discretion provided some limited expansion of thermal damage
beyond the defined tumor enhancing margin. Real-time MR monitoring allowed for control of
the damage evolution regardless of shape and allowed the surgeon to pause the treatment as
necessary. The radial sector profile of the thermal damage zone evolved into a more circular
pattern during more extensive laser application. In these cases, conduction dominated the
slow progression of thermal expansion in all directions. The overall size of the thermal
damage area could not be predicted based strictly on the energy delivered indicating the
importance of real time monitoring.

Figure 1.
AutoLITT setup on diagnostic MR
table (Siemens) showing probe driver mechanism,
frameless trajectory guide and probe in place.

Figure 2.
AutoLITT Laser Delivery Probe Tip
showing internal side fire optical fiber.

Figure 3.
Thermal Damage contours following first laser shot for patient 01-01-005 as shown in the three
perpendicular MR acquisition planes (5mm thick) centered on laser exit position. Left image is most distal from probe
tip at greatest depth. Laser direction is shown by blue arrow. Probe cross section is shown by light blue filled circle.
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Figure 4.
Thermal Damage contours following second laser shot approx 180° from first (see Fig 3) for
patient 01-01-005. Laser direction is shown by blue arrow.

Figure 5.
Thermal Damage contours
following first laser shot for patient 01-01003. Note off-centroid location of probe
within treatment area (green).

Figure 6.
Thermal Damage contours following first
(left) and second (right) laser shot for patient 01-02-002.
These images are those centered at the laser exit location.

Conclusion
This focused-LITT technology provides clinicians with a unique capability to
coagulate and thereby destroy irregularly-shaped brain tumors and to contour the thermal
lesion accurately within the tumor margins. The short and long term appearance on MRI of
thermal lesions agrees with previous work[1]. Most tumors treated in this study were not
spherically or elliptically shaped nor was the probe located at the centroid (Fig 5). This
required more enhanced control than could be provided by diffusing tips used in other LITT
delivery systems [4]. Real time MR monitoring provided the neurosurgeon with the ability to
adjust the position and angular direction of the laser exit in order to develop thermal lesions as
closely matched to the tumor margin as possible. Conformance to the treatment volume was
not possible in all cases, most commonly when the penetration depth was beyond 1.5cm radial
from probe. The technology has promise for effective clinical treatment of brain tumors for
which gross total resection and stereotactic radiosurgery may not be practical.
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V-13
MR guidance and thermal monitoring of interstitial laser ablation
of osteoid osteomas in an open high-field scanner
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Objective
Apart from radiofrequency ablation [1], laser ablation has been successfully applied in
the treatment of osteoid osteoma (Oo) under CT guidance [2]. Only one publication has
described MRI guidance of treating this tumor in an open low-field scanner at 0.23 T and
thermal monitoring was not yet proven to be feasible [3]. We prospectively determined the
feasibility and technical features of open high-field MR imaging in the guidance of interstitial
laser ablation (ILA) of Oo.
Materials and Methods
15 patients with typical clinical and imaging findings suggesting osteoid osteoma
underwent ILA in an open high-field MRI scanner (1.0 T, Panorama HFO, Philips Healthcare,
Best, NL) (Fig. 1). A fluoroscopic T1-w Turbo Spin Echo (TSE) sequence (TE/TR
5.7/200ms; TF 7; fa 90°; res. 1.5x1.5x5mm; scan duration 3s) was used for interactive lesion
localization, instrument guidance, drilling (MR bone marrow, Somatex, Germany; bone
biopsy set, Invivo, Germany) and positioning of the laser fiber (600 m, Frank Optic
Products, Germany). Thermal ablation with an Nd:YAG laser (1064nm, Fibertom medilas,
Dornier MedTech, Germany) was conducted via the biopsy canal. A Gradient Echo (GRE)
sequence (TR/TE 4.3/2ms; fa 27°; res. 2.8x2.8x4mm) with an image update every 4.5s was
investigated for the monitoring of laser tissue effects at 2-3 Watt based on T1 effects and the
Proton Resonance Frequency phase method (PRF) [4].
Results
All lesions were successfully localized, targeted, and treated under MR fluoroscopy
and thermometry (Fig. 2). Laser effects could be monitored online in all cases. The colorcoded technique (PRF) was found to be valuable in addition to conventional magnitude
images (T1) (Fig. 3). No complications occurred. All the patients were symptom free at 1-22
months follow-up.

Figure 1.
a) Patient in supine position in the open high-field MRI (1.0T, Panorama HFO, Philips) for
real-time MR-guided laser ablation of an osteoid osteoma of the right fibula. Needle insertion and lasing are
visible on an in-room monitor beside the magnet. b) Lower extremity placed in dedicated surface flex coil,
which was placed over the region of interest positioned at the magnet’s isocenter.
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Figure 2.
Real-time MR-guided drilling of Oo of the lateral fibula. a) T1-w TSE (TE/TR 5.7/200ms,
TA 3.0s) shows needle tip approaching the 5-mm target lesion. The lateral needle trajectory yields an
excellent instrument artifact due to the 90° orientation to B0. b–c) PD-w TSE (TE/TR 30/383ms, TA 41s)
images verify instrument placement in the nidus. Comparison of the real-time T1-w TSE with the PD-w
sequence for verification shows similarly adequate image quality in display of needle and target lesion. c)
Note the additional benefit of multiplanar navigation in a parasagittal plane.

Figure 3.
MR-Thermometry using T1-w GRE (TE/TR 2/4.3ms; fa 27°, TA 4s) (a) at the beginning of the
laser ablation and (b) after 11 min. Note the T1 effect as a hypointensity of the ablation area, as a qualitative
indicator of increased temperature. (c) Display of temperature with a color-coded subtraction method, based on
SI changes derived from phase images of the GRE sequence (PRF-method).

Conclusion
The open high-field MRI scanner, provided good patient access, high-quality imaging
for lesion localization and instrument guidance, online temperature monitoring during
treatment, and postprocedural imaging to rule out missed nidal tissue, resulting in a "one-stopshop" intervention.
MR guidance and thermal monitoring of ILA of osteoid osteomas is feasible in an
open high-field MRI. Rapid image updates with fast TSE and GRE sequence designs are one
step towards a safer procedure.
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Introduction
Image guided radiofrequency (RF) ablation is a minimally invasive therapy option in
the treatment of primary and secondary hepatic, pulmonal malignancies and renal cancer.
Magnetic resonance (MR) imaging offers an excellent pre-interventional imaging having
important impact on patient selection and planning of the thermoablation procedure. Periinterventional imaging is used for planning, targeting, monitoring, and controlling of the
ablation procedure. Due to a high soft-tissue contrast offering delineation of tumor tissue and
the surrounding anatomy, coupled with multiplanar capabilities, MR imaging has indiscutable
advantages compared with ultrasonography (US) or computed tomography (CT).
Furthermore, a near-online imaging is feasible at interventional MR units facilitating a fast
and precise placement of the instrument inside the target tissue. MR imaging is sensitive to
thermal effects enabling a monitoring of ablation therapy. Moreover, MR imaging fulfils the
conditions for overlapping ablations gnizing the extent of coagulation as well as by enabling a
precise repositioning of the MR compatible RF applicator if required. MR imaging can be
utilized to define the end point of RF ablation after complete coverage of the target tissue is
verified. Thus, the probability of achieving complete coagulation in larger tumors within a
single therapy session is supposedly increased. A monitoring of thermal effects is moreover
essential in order to prevent unintended tissue damage from critical structures in the
surroundings of the target tissue. Subsequently, the possibility to monitor and control RF
ablation by MR imaging has an important impact on the safety and effectiveness of RF
ablation procedure.
During the last decade, various minimally invasive alternative treatment options for
non resectable tumors specially for liver tumors have emerged. About 90 % of all hepatic
malignancies are metastasis, most of them descending from gastrointestinal tumors, lung
cancer and breast cancer [1]. The fact that 20 % of the patients dying from colon cancer do
not have other than liver metastases shows its prognostic relevance [2-4]. Among other,
highly focused ultrasound, laser induced thermotherapy, microwave and radiofrequency (RF-)
ablation use locally applied heat, aimed to destroy the tumor. The most widely available and
used technique is RF. RF ablation applies an alternating electric current between two electric
poles at a tip of a needle. In the tissue, the heat is produced by the movement of ions under the
influence of a focused electric field at the tip of the probe. In practice, tumors are often larger
than the zone that can be produced by a single needle or a single RF application. Therefore,
overlapping applications have to be performed with the probe being repositioned between the
individual application steps. By this strategy, several overlapping zones may form a larger,
continuous necrotic area including the former tumor and a safety margin at the periphery. It is
obvious that imaging has a key function in optimal planning, performing, monitoring and
controlling percutaneous RF ablation. RF can be used to treat solid tumors in the lung, the
liver and the kidneys or for symptomatic treatments in bones tumors.
For percutaneous treatment of hepatic and renal tumors, different imaging modalities
are used in clinical practice. US is a cheap, easily available, flexible and fast imaging
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modality. It allows the visualization of a high number of tumors and can be used as a realtime modality for the placement of a RF-applicator. However, not all tumors can be detected
by ultrasound. Especially small lesions, overlaying bowel structures as well as obesity give a
limit to the visualization of hepatic lesions by ultrasound. More important, small gas bubbles,
emerging during RF ablation with vaporization of water, do not allow a satisfactory
monitoring. CT has a restricted soft tissue contrast that may impede a sufficient visualization
of the lesion to be treated. For all these reasons, the use of MR imaging guidance with low
field open-architecture scanners was taken up [5, 6]. For interventions at liver and kidney, MR
imaging offers major advantages of multiplanar capabilities, high soft tissue contrast, no
requirement of iodinated contrast media, and those without ionizing radiation. Moreover, the
effects of thermoablative therapies can be monitored and controlled by using T2 and T1
weighted imaging or by directly applying thermosensitive sequences such as the proton
resonance frequency method [7], which allows the display of temperature evolution during the
therapy. Open low field MR systems –with T2 Monitoring- as well as open-bored scanners
provide these advantages [8].
With its large bore of 75 cm, the 1.5T MR tomograph Espree (Next generation Aera,
Siemens Medical Solutions) facilitates patient access during interventions, performing at the
same time faster imaging with a higher signal yield than low field scanners could offer.
Instrument placement –e.g. RF-applicator, microwave or cryotherapy probe- and position
control can be done fast and almost online by balanced gradient echo sequences (TRUEFISP), while the patient can be surveyed during energy application outside or even inside the
scanner. Magnetic field stability allows the application of thermosensitive sequences in order
to monitor thermoablative intervention.
A good visualization of the target tissue, the adjacent anatomic structures and
applicator tip are preconditions for a safe and effective therapy. MR imaging is capable of
delineating delicate structures and tumor tissue without the application of contrast media due
to its high soft-tissue contrast. This allows the needle placement without dependence on a
short time window after the application of a contrast agent. During the positioning of the
probe, two imaging strategies can be used: the position of not moving probes can be
controlled by T1-weighted FLASH or T2-weighted HASTE-sequences under breath-hold
conditions. Moving probes can be monitored by fast steady-state free precession gradient echo
sequences (TRUE-FISP) allowing almost real-time imaging of the needle progress onto the
target tissue. Due to the free choice of gradient fields, the plane of MR imaging can always be
optimized containing the target tissue and the applicator simultaneously.
The Interactive Front End (IFE) Software integrates the visualization of three
selectable planes onto a single screen [11]. It provides both 2D and 3D display and
manipulation of images (Fig. 1). The images are sequentially updated within 1-3 seconds with
an interactive real time Sequence. IFE also enables the operator to dislocate and angulate the
selected plane interactively as well as to interactively switch between TRUE-FISP and
FLASH contrast.
Due to its sensitivity to thermal effects high field MR is superior to other imaging
modalities concerning the display of therapy effects during radiofrequency ablation. Necrotic
tissue shows reduced water content and can be identified due to its well-delineated
hypointense appearance on T2 weighted images [9]. The T2w hypointense ablation zone is
limited at its outer rim by a hyperintense margin which histologically corresponds to a zone of
transition between the necrotic area and normal parenchyma. It is characterized by a reactive
hemorrhagic reaction, the presence of red blood cells, liver cells in process of degeneration
and an interstitial edema [10]. T2 weighted images are suitable to estimate the size of the
necrotic area, as a possible overestimation of the induced coagulation has been shown to be
less than 2 mm [10]. STIR and T1 weighted images tend to underestimate the induced
coagulation, which appear as a hyperintense zone on them, whereas T1 weighted contrast
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Figure 1.

3D-MR-Imaging during positioning of the MR compatible RF-applicator

enhanced images, which the show a non-enhancement, lead to a slight overestimation (up to 4
mm) [12]. Even if the impedance informations may be given by commercially available RF
systems, these can not really be used to evaluate the progress in coagulation [13]. Thus,
monitoring size and shape of the coagulated zone is only feasible by MR-imaging. Due to
recent technical developments, diffusion-weighted imaging (DWI) of the abdomen has
become possible in clinical routine. In DWI, image contrast is determined by the thermally
induced motion of water molecules, called Brownian motion. This random motion in applied
field gradients leads to incoherent phase shifts resulting in signal attenuation [14]. Thus, DWI
allows for characterization of biological tissue on the basis of its water diffusion properties
determined by the microstructural organization, cell density and viability of the studied tissue
[15]. Since DWI is applicable at high-field MR scanners, DWI may be useful in the detection
of thermally-induced tissue necrosis and offer valuable diagnostic possibilities both in
controlling and in the follow-up imaging of RF ablation. At least, MR-thermometry facilitates
a combination of spatial information and online temperature display thus allowing for the
protection of nearby tissue in danger of heat necrosis, such as the heart or the intestine.
Between all thermosensitive sequences, the proton resonance frequency method is currently
the most commonly used temperature sensitive MR technique [16]. It has been demonstrated
to be tissue independent [17].
As contrast-enhanced T1-weighted perfusion imaging may be performed only once
during treatment because the contrast-medium requires several hours for clearance from the
blood stream, spin-labeling perfusion imaging may be an alternative for perfusion assessment
of the tumor and the coagulation necrosis. In the spin labeling technique (ASL), blood water
is used as an endogenous tracer allowing for arbitrary repetitions of perfusion assessment.
Spin labeling perfusion imaging is performed using a FAIR-TrueFISP technique [18, 19] and
may be used for monitoring of RF ablation of renal cancers [20].
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Conclusion
MR-guided radiofrequency ablation is a safe and effective minimally invasive therapy
in the treatment of primary and secondary malignancies of the liver. Multiplanar imaging, a
high soft-tissue contrast and MR fluoroscopy facilitate planning, targeting, monitoring and
controlling. Open-bored high field MR-scanners combine the advantages of open design with
a good patient access with the fast and high-contrast imaging available only at high field
scanners. Interactive capabilities and special soft- and hardware equipment like an in-room
shielded monitor and fast imaging e.g. with the IFE tool help the interventionalist. Therapy
controlling may be simplified with special imaging sequences allowing for instance real-time
temperature measurement. Consequently, larger tumors necessitating precise repositioning of
the applicator and controlling of overlapping ablation zones can be approached, while faster
and due to the better imaging safer treatments may increase clinical results and therefore
interdisciplinary acceptance.
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Objective
To evaluate the feasibility and effectiveness of magnetic resonance (MR)-guided
radiofrequency (RF) ablation for small liver tumours with poor conspicuity on both contrastenhanced ultrasonography (US) and computed tomography (CT), using fast navigation and
temperature monitoring.
Materials and Methods
Sixteen malignant liver nodules (long-axis diameter, 0.6–2.4 cm) were treated with
multipolar RF ablation on a 1.5-T wide-bore MR system in ten patients. Targeting was
performed interactively, using a fast steady-state free precession sequence. Real-time MR
based temperature mapping was performed, using gradient echo–echo planar imaging (GREEPI) and hardware filtering. MR-specific treatment data were recorded. The mean follow-up
time was 19±7 months.

Figure 1.
Schematic of MR-compatible RF ablation setup. A commercial RF generator is placed outside
the Faraday cage (FC). Coaxial cables connect the RF generator inside the FC with BNC (Bayonet Neill
Concelman) connectors placed on a dedicated panel outside the FC. Inside the FC, the AC signal is filtered
using, for each of the two lines, six stop-band passive parallel filter cells composed of resistors (R), inductors
(L) and variable capacitors (C). The shield of the coaxial cables and the filter is connected to the same potential
as the FC. The cable between the filter box and the RF electrode is further filtered using three ferrite cores. The
plastic tubes of the water circuit for internal cooling of the electrode go in and out through two waveguides of
the FC. The generator was connected to the RF electrode after final positioning of the RF electrode. RF power
is then applied simultaneously with the MR thermometry imaging.
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Results
Correct placement of RF electrodes was obtained in all procedures (image update,
<500 ms; mean targeting time, 21±11 min). MR thermometry was available for 14 of 16
nodules (88%) with an accuracy of 1.6°C in a non-heated region. No correlation was found
between the size of the lethal thermal dose and the ablation zone at follow-up imaging. The
primary and secondary effectiveness rates were 100% and 91%, respectively.

Figure 2.
Targeting under MR imaging of a recurrent nodule (lesion 4) in a 54-year-old woman
(patient B) after right hepatectomy with four wedge resections for synchronous liver metastases of colorectal
origin. a. 3D T1-weighted VIBE images (TR, 5.6 ms; TE, 2.7 ms; FA, 10°; matrix, 320°—256; section
thickness, 2 mm) reconstructed in the axial oblique plane (top) and sagittal oblique plane (bottom) are used
for planning. A 1.8-cm large, irregular and hypointense nodule (black arrows) at the posterior and inferior
aspect of segment 4 and in contact with the site of a previous metastasectomy. b. “Fluoroscopic” bSSFP
sequence (TR, 4.3 ms; TE, 2.2 ms; FA, 70°; matrix, 128°—128; section thickness 5 mm) shows the RF
electrode 9 min and 14 s after its insertion at the entry site. The predominantly T1-weighted image (update
rate, 475 ms) in the axial oblique plane (top) shows the proximity of the electrode tip with regard to the
metastatic nodule (white arrow), whereas the predominantly T2-weighted image (update rate, 275 ms) in the
sagittal oblique plane (bottom) demonstrates its relation with the left branch of the portal vein (white
arrowheads). C. At the end of the targeting procedure, a new 3D T1-weighted VIBE acquisition shows the
final position of the active tip of the RF electrode within the tumour nodule in both orthogonal oblique planes
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Figure 3.
RF ablation with real-time monitoring of the same nodule shown in Fig. 2. a. The
successive isotherms (top) and thermal dose (bottom) images on the central slice of GRE-EPI sequence (ETL,
13; TR, 50 ms; TE, 20 ms; FA, 25°; matrix, 128°—128; section thickness, 6 mm; plane, axial) show the time
evolution (left to right: t=5.5 s; t=132 s; t=330 s; t=1,175 s) of isotherms and thermal dose maps, respectively.
Colour range is set from 42 to 65°C (top) and régions above one lethal threshold of cumulative thermal dose
(bottom), corresponding to 240 equivalent minutes at 43°C, are shown in red. The width of susceptibility
artefact of the RF electrode is 1.8 cm. b. Temperature evolution during the RF ablation on the same timescale.
A non-heated ROI was selected (blue ROI in Fig. 5a) to monitor the standard deviation of temperature
(SD=1.0°C) (solid black line). One pixel was selected on the thermal maps (green cross in Fig. 5a) to
illustrate the temperature time evolution (red crosses). Three phases are observed: the baseline, the rapid
increase and the stabilization of temperature. The uncertainty of temperature in the heated region is higher
than in the non-heated region

Conclusion
RF ablation of small liver tumours can be planned, targeted, monitored and controlled
with MR imaging within acceptable procedure times. Temperature mapping is technically
feasible, but the clinical benefit remains to be proven.
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Objective
In Cardiac Electrophysiology (EP), trans-catheter radiofrequency (RF) ablations aim
for elimination and/or electrical isolation of the arrhythmia substrate by creating closed loops
of thermally ablated tissue. Ablation lesion contiguity and inclusiveness define the
procedures’ long-term success. During ablations, locations and spatial extents of heat-affected
myocardium have to be visualized using a robust and practical biologically justified
methodology. Contrast kinetics analysis methods (1-2) rely on lengthy image acquisition and
model-based curve fitting of complete data sets. Delayed enhancement (DE) methods (3-4)
required lengthy scan and waiting times. Non-enhanced visualization (5) delivered lower
lesion-to-background contrasts. We report a novel method for analyzing MRI-apparent
contrast uptake dynamics, which allows robust and quick visualization of thermal lesions.
Materials and Methods
This animal study was approved by the animal REB of Sunnybrook Health Sciences
Centre. Using clinical EP catheters, 42 RF lesions were created in the Latissimus dorsi
muscles of 11 rabbits with power/time settings varying in the range 30-35Watt/30-45sec. The
animals underwent MRI on a 1.5T Signa HD scanner (General Electric Healthcare) using
T1w, T2w, SSFP, Subtraction Delayed Enhancement (SDE) and Dynamic Contrast
Enhancement (DynCE). Imaging instants after the ablations were: few minutes (2 rabbits); ~3
hours (9 rbts.); ~1 week (2 rbts.); ~2 weeks (3 rbts.); and ~4 weeks (2 rbts.).
Different MR image acquisition parameters were used during the study. The typical
ones are summarized below. T2w FSE was acquired with the spatial resolution of
0.31x0.31x1.2 mm and TR/TE of 900/27 msec. 3D SSFP (FIESTA) was acquired with the
spatial resolution of 0.31x0.21x1.2 mm, TR/TE of 14.6/4.2 msec. and FA of 30o. 3D T1w
Fast RF-spoiled Gradient Echo (FSPGR) was acquired with the spatial resolution of
0.31x0.31x1.2 mm, TR/TE of 20.4/9.9 msec. and FA of 45o. 3D SDE imaging was performed
using Inversion Recovery (IR) FSPGR with the spatial resolution of 0.42x0.38x1.2 mm,
TR/TE/IT of 15.7/7.5/200 msec. and FA of 25o. Two 3D sets of IR-FSPGR images were
acquired per imaging session – before and after (6-9 min.) contrast agent (CA) injection. The
animals were injected with either 0.05ml/kg of Gadovist or 0.1ml/kg of Gadoteridol. Each
pre-CA 3D IR-FSPGR set was subtracted from the corresponding post-CA one for better
background signal suppression. During the CA injection, DynCE images were acquired using
2D multi-phase FSPGR with the spatial resolution of 1.25x1.25x5.2 mm, temporal resolution
of 5.6 sec., TR/TE of 7.9/2.0 msec. and FA of 45o.
Acquired data was reformatted and post-processed using Volume Viewer v. 9.1.16
(Advantage Workstation, General Electric Healthcare). DynCE data was also post-processed
using in-house developed algorithms and software (written in IDL v. 6.4, ITT Visual
Information Solutions). Cumulative intensity difference (CID) and ratio (CIR) maps, together
with their inclination maps, were calculated on each dynamic data set using only the previous
and current dynamics. The location, size, and appearance of the lesions, identified on the
maps, were compared to currently available imaging standards for lesion visualization (3-5).
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Results
The proposed DynCE analysis algorithms allowed reliable differentiation between
non-perfused lesion core, hyper-enhanced lesion border and normal tissue in a very short time

Figure 1: Time course of CID (upper left) and CIR (lower left) and their inclinations (upper right and lower
right correspondingly) for three single pixels chosen inside a lesion, on its border and in healthy tissue. The
lesion is marked by the red arrows on the consequent images. The differences between the pixels become
apparent as early as 100 sec. after the start of dynamic scanning. Four slices were acquired with the temporal
resolution of 8.5 sec.

following CA injection on noisy data sets (Fig. 1), which conventional semi-quantitative
DynCE processing methods are not well suited to. CID and CIR maps, together with
corresponding inclination maps (Fig. 2), depicted thermal lesions correctly and with
satisfactory contrast as compared to the available standards (Fig. 3). Conventional methods
are unable to deliver comparable results on the same data sets (Fig. 4).

Figure 2: Maps of CID (left), its inclination (mid-left), CIR (mid-right) and its inclinations (right). One (of 3)
lesions is seen in full cross section (red arrows), and other 2 are partially visible (blue arrows) due to the 2D
slice angulation.
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Figure 3: T2w FSE (left), SSFP (middle) and SDE images of the lesions shown on Fig 2. The 3D images
were rendere dto approximate the slice positioning as seen on Fig. 2.

Figure 4: Examples of the conventional CE difference image (right), which was obtained by subtracting a
pre-contrast baseline from a dynamic CE image, and maximum slope of increase map that were calculated
after the same amount of time as the maps on Fig 2.

Conclusion
The proposed DynCE analysis algorithms are suitable for rapid intra-operative RF
lesion visualization and can be used during XMR or MRI guided EP ablations if the images
are acquired with proper cardiac and respiratory gating. They could be used in combination
with suitable computer-aided diagnosis techniques for automated thermal lesion detection.
The proposed algorithms are suitable for visualization of lesions of any age – from few
minutes up to 4 weeks after ablation. Since the algorithms do not rely on any data still to be
acquired or anticipated curve shape, lesion visualization maps (CID, CIR and their
inclinations) can be built, analyzed and interrupted in real time. Our future research will be
dedicated to the application of the developed algorithms in the myocardium tissue and will
include real-time MRI thermal mapping.
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At Brigham and Women’s Hospital, as part of a busy tumor ablation program we have
performed 800 ablation procedures. This includes 516 cryoablations, 218 with MRI guidance.
These were performed in a 0.5T open configuration interventional MRI unit. After an initial
clinic visit, imaging assessment, procedure planning, percutaneous biopsy for tissue diagnosis
if needed and preprocedural anesthesiology assessment, ablation procedures are typically
performed under monitored anesthesia care. With MRI guidance, 17G cryoablation probes
were placed using fast gradient echo (SPGR) and fast spin echo (FSE) sequences in oblique or
double-oblique planes parallel and perpendicular to the probes. During two 15-minute freeze
cycles separated by a 10-minute thaw, iceball growth was monitored every 3 minutes using
SPGR and T2-weighted FSE sequences in at least two different planes. The main advantage
of MRI-guided cryoablation over other ablative agent plus imaging modality combinations is
excellent monitoring so that the cryoablation is controlled to achieve optimum tumor
coverage while minimizing risk of injury to adjacent critical structures. Postprocedurally,
patients are observed in hospital overnight. Following satisfactory diagnostic MRI and blood
test results, most patients are discharged home the next day after the procedure and are seen at
ten days for clinic follow-up visit. Imaging follow-up is with diagnostic MRI every three to
six months.
Liver Tumors: We have performed 78 MRI-guided percutaneous cryoablation
procedures for liver tumors; the vast majority was metastases. Primary origins included
colorectal, breast, esophageal, lung, sarcoma, GI stromal tumor, head and neck, and
neuroendocrine tumors. Typical clinical indication was inoperable patient with limited liver
disease refractory to other therapy. Tumors that are < 5 cm and up to four in number were
treated. We have used MRI-guided cryoablation in particular to treat liver tumors in locations
with adjacent critical structures including heart, stomach, bowel, diaphragm, lung, and
gallbladder. Through our Phase I clinical trial, we have shown this treatment method to be
feasible and safe [1].
Kidney Tumors: We have performed 86 MRI-guided percutaneous cryoablation
procedures for kidney tumors; the vast majority was renal cell carcinoma. Most suitable for
treatment are small (< 3 cm) exophytic renal masses located along the posterior aspect of the
kidneys. However, treatment of tumors close to bowel loops or ureter, or abutting calyces is
also possible with cryoablation. Measures such as external manual bowel displacement [2],
hydrodissection, and prophylactic ureteric stent, in addition to MR imaging-monitoring and
control can help minimize risk of injury to these adjacent structures. We have shown that this
method is feasible and safe [3], and almost all tumors can be treated in one session.
Preprocedural accurate diagnosis of small renal masses referred for ablation is important so
we recommend and perform percutaneous biopsy on renal masses before ablation [4].
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Bone and Soft Tissue Tumors: We have performed 47 MRI-guided percutaneous
cryoablation procedures for metastatic bone and soft tissue. The major indications include
local tumor control and pain palliation for tumors refractory to other therapies (surgical
resection, radiation therapy, systemic therapy). We choose MRI-guided cryoablation to treat
tumors that are adjacent to critical structures such as skin, nerves, major vessels, ligamentous
attachments, spinal cord, bowel, urinary bladder, and urethra. In addition to MR imagingmonitoring and control, in some cases we utilize other measures such as urethral warming
catheter, ureteric stent, and skin warming pads to minimize risk of injury. We have shown this
method to be feasible and safe [5].
Adrenal Tumors: There is limited overall experience with image-guided
percutaneous ablation of adrenal tumors. Percutaneous approach can be challenging since the
adrenals are surrounded by other structures. We have treated seven adrenal tumors with MRIguided percutaneous cryoablation; one aldosteronoma and six solitary metastases.
Intraprocedural hypertension can be encountered during treatment of small tumors for
eradication with adjacent normal adrenal parenchyma visible on preprocedural imaging [6].
This requires treatment with IV antihypertensive and beta-blocker medication. Preprocedural
prophylactic alpha and beta-blockade may be considered.
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Objective
Local cryoablation guided by Computer Tomography (CT) or ultrasound has been
widely applied in the treatment of the hepatocellular carcinoma. It, however, is still difficult to
apply local cryoablation in the treatment of hepatocellular carcinoma [1, 2, 3] at certain
special regions such as the diaphragm dome, the first hepatic hilar, and regions adjacent to the
gallbladder. The purpose of this study is to evaluate the safety and efficacy using Magnetic
Resonance Imaging (MRI) guided percutaneous cryoablation as well as the effect of using
open MRI system in guiding and monitoring the treatment of hepatocellular carcinoma at such
regions abovementioned.
Materials and Methods
Cryoablation, guided by an open 0.35T MRI scanner (GE 0.35T, Milwaukee, USA)
and with the assistance of an MRI compatible optical navigation system (Panasee by
XinAoMDT, China), was performed on 32 patients with hepatocellular carcinoma at special
regions including the diaphragm dome, the first hepatic hilar, and the regions adjacent to the
gallbladder (The diagnosis was made by the medical history, physical examination, fetoprotein (AFP), CT, MRI and/or liver biopsy). Of the 32 patients, each had one or two
tumors. The total number of tumors treated was 36. The tumor diameters ranged from 2.5 to
10.0 cm, with a mean of 4.7 ± 1.8 cm (mean ± standard deviation). The cryosurgical system
(CryoHit by Galil Medical, Israel) was MRI compatible equipped with cryoprobes of 1.47
mm in outside diameter. During the interventional procedure, the MRI was scanned
continuously producing updated images while cryoprobes’ spatial information was acquired
in real-time using the optical navigation system. MRI images and surgical tool spatial
information were fused and presented in one display window on the MRI compatible monitor.
The trajectory of the cryoprobe was overlayed on top of the MR images. Under such
guidance, cryoprobes were introduced percutaneously into a tumor lesion of different planned
targeting points while critical organs or tissues were avoided. Each cryoablation procedure
included two freezing-thawing cycles, and MRI images were acquired dynamically to monitor
the ablation of tumor from time to time during the operation. In order to investigate the
therapeutic effects of a cryoblation procedure, AFP examinations were performed 24 hours, 1
week, 1, 3 and 6 months after a procedure, liver enhanced MRI scans were performed 24
hours and 1 month after a procedure, and liver enhanced MRI scans or CT enhanced scans
were performed 3 and 6 months after a procedure.
Results
MRI and optical navigation system guided cryoablation procedures were successfully
performed on all 32 patients (a total of 36 tumor sites) and no serious complications were
observed. The follow-up periods ranged from 5 to 12 months. The half-year and one-year
overall survival rates were 96.8% and 90.6% respectively. According to the diagnosis of liver
enhanced MRI scans, 10 cases (31.2%) were CA (complete ablation), 18 cases (56.3%) were
PA (partial (>80%) ablation), 3 cases (9.4%) were SD (stable disease, >50% ablation), and 1
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case (3.1%) was PD (progressive disease, a new tumor site in the liver). The overall efficacy
was 87.5%. Figure 1 shows the graphic user interface of the MRI-guided surgical navigation
system. Doctors manipulate the control panel on the right side of the GUI to implement
surgical plan, surgical tools tracking, MR images managing and other process for MR-guided
surgery. Figure 2 and 3 show typical case results for MR-guided cryoablation at special
regions in liver.

Figure 1. Operating interface of Figure 2. The tumor site is in the right lobe of the liver, nearing the
diaphragm dome. The cryoprobe is inserted into the spatia intercostalia or
infrared navigator system.
lower edge of costal bone that is lower than the plane of the tumor site. It
then goes upright to the capsula fibrosa and upwardly with an angle.
Multiple cryoprobes are employed for conformal cryoablation. The MR
image shows that three cryoprobes locate at the upper and lower edges and
the center, and the ice ball covers the tumor site completely

Figure 3. The focus is at upper gallbladder. MR image shows clearly the focus, wall of the gallbladder, and
neighboring important structures. To avoid damage to the wall of the gallbladder and other important structures,
the edge of ice ball is monitored at real time during the operation. The ice ball covers the focus completely.

Conclusion
MR-guided percutaneous cryoablation using optical navigation system is a safe and
effective minimally invasive procedure in the treatment of hepatocellular carcinoma at certain
special regions, where it is difficult to treat under other imaging guidance approaches. With
its unique and superb imaging funtions, MRI plays an important role in the display, guidance
and monitoring of the cryoablation procedure in treating liver carcinoma at special difficult
regions. Equipped with MRI-compatible optical navigation system, MRI-guided therapy
makes the cryoablation procedure more precise and safer.
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Objective
The purpose of this study is to prove the feasibility, effectiveness and precision of
tumor cryoablation through percutaneous procedures under real-time MR image guidance.
The study is performed on 33 patients with different type of tumors. A description of the
workflows and of the interventional MRI suite with its equipment is provided.
Materials and Methods
MR guided tumor cryoablations were performed on 33 patients (after informed
consent was obtained) with renal, MSK, liver, and prostate tumors using a 1.5 T scanner
(Open Bore 1.5 T MAGNETOM Espree, Siemens, Germany). The short (125 cm) wide bore
(70 cm) tunnel allows for needle insertions in the patient inside the tunnel under real time MR
fluoroscopy [1] (see Figure 1. and 2.). The precise insertion of the MR compatible cryoprobes
(17G) inside the tumor is performed using a real-time True-FISP sequence (Siemens BeatIRT) that provides every second a 4 mm thick slice whose position and orientation in space
may be dynamically modified. The initial trajectory and the final positions of the needles are
controlled using a T2-Blade sequence that produces less susceptibility artifacts.

Figure 1.
Needle insertion in the liver under
real time MR guidance.

Figure 2.
Transperineal insertion of a needle
inside the prostate under real time MR guidance.

Cryoablation of the tumor is performed with an MR compatible system (Galil
Medical, USA) that allows simultaneously controlling up to 25 cryo-probes. Several
cryoprobes are inserted depending of the size of the tumor. Due to the Joule-Thomson effect,
liquid Argon freely expanding at the tip of the cryo-probes cools down from room
temperature to -183.5 °C. The tumor tissue freezes inside an ellipsoid with a predictable
volume around the tip of the needle that depends on the type of gas expansion chamber inside
the probe. The size of the frozen tissue is precisely monitored through the freezing phase
using the True-FISP (real time) and the T2-Blade sequences. The thawing that allows for the
removal of the probes is obtained by switching to Helium gas that warms up to +33 °C due to
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the Joule-Thomson effect while freely expanding inside the probe. Two freezing-thawing
cycles are performed in order to achieve a good destruction of the tumoral tissue.
In the case of prostate tumors cryoabalation, a urethral and an anal custom made
warming system are installed during the procedure in order to keep the urethra and the colon
in a safe temperature range (Figures 4-6). Both systems consist of a fluid warmer in closed
loop with a pump and a specific catheter. Similarly, a steril glove of warm water is put on the
skin when the tumor is close to the surface of the body. The temperature is monitored using
thermocouple needles (Galil Medical) inside the tumor (see Figure 3.) and several optical
fibre thermo-sensors (Luxtron, USA) are inserted in the areas to be protected (skin, nerve
root, urethra, anus, colon...).

Figure 3.
Typical temperature measured
by the thermocouple needle inside a tumor
during the two freezing-thawing cycles.

Figure 4.
Surface rendering of a frozen prostate
(blue) at the end of the freezing cycle after
segmentation with CR-Anat (IRCAD) from a 3D
FLASH sequence. It shows the bladder (yellow), the
urethral (gold) and endorectal catheters (pink).

Results
The different tumors (size 1 to 7 cm) treated using MR guided cryoablation at the
University Hospital of Strasbourg during one year starting May 2009 are given in Table 1.
Precise placement has been achieved in all cases using MRI guidance with excellent
visualization of the tumor and the probes. Ice ball delimitation has been precise with complete
covering of the tumor. Out of 33 patients, there has been only one complication, i.e., one
rectal fistula happened after a cryoablation of the prostate with spontaneous resolution after 3
months. The indications are similar to HIFU (Ablatherm) for prostate tumor cryoablation. For
renal tumors, the indications are similar too RF ablation. However, cryoablation does not
require specific precaution for central renal tumors contrarily to RF ablation. Note that all
patient cases have been discussed in a multidisciplinary commission.
Type
tumor
Liver

of

Number of
patients
8

Prostate

7

Kidney

11

MSK

7

Table 1.
Cryoablation
of tumors from May 2009 to
May 2010.

Figure 5.
Axial
plane
showing the frozen prostatic
tissue around the urethra.
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Figure 6.
Sagittal
plane
showing the endorectal cathether

Conclusion
The use of a 1.5 T large bore MR scanner has many advantages for interventional
percutaneous procedures: real time monitoring and targeting, absence of radiation exposure,
possibility for multi-planar and thermal imaging, and excellent contrast resolution.
Cryoablation under MR guidance is a very promising technique in tumor treatment with
excellent visualization of the frozen tissue. However, careful planning of the cryoablation
procedure should be performed including a protection strategy of the neighboring organs.
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Objective
To determine feasibility and safety of image guided brachytherapy [1,2] performed
with a modified open highfield MR system.
Materials and Methods
This is a follow up study of a 1 year development project which served to enable
technologies for interventional use of a 1.0T open MRI system. Hard- and software
modifications included coils and inside-the-magnet visualization, fluoroscopic imaging
sequences and user interfaces. We recruited 104 patients with 224 liver malignancies who
underwent 134 sessions of MR-guided brachytherapy. Interventions were performed >20min
after i.v. application of Gd-EOB-DTPA [3]. We recorded all interventional parameters
including the intervention time defined as the time from acquisition of the scout until the final
imaging sequence for brachytherapy treatment planning. In addition, 2 independent reviewers
assessed MR fluoroscopic image quality in comparison to plain CT applying a rating scale of
1-10. Statistical analysis included the Friedman and the Kendal W test.
Results
We employed freehand puncture with interactive dynamic imaging for navigation. The
technical success rate was 218 complete ablations in 224 tumors (97%), with complete
ablation defined as successful delivery of the intended target dose to the clinical target
volume. The average intervention time was 64 min. We recorded no adverse events directly
related to the use of interventional MR. No major complications occurred, and the rate of
minor complications was 4%. Superiority of fluoroscopic, Gd-EOB-DTPA enhanced images
over plain CT was highly significant (p < 0.001).
Conclusion
MR-guided brachytherapy employing an open high field MR system is feasible and
safe. The technical success rate was very high as compared to CT or ultrasonographic image
guidance.

70

Figure 1. Negative plain CT (a) as it would be used for CT intervention. Contrast-enhanced diagnostic CT
confirms a small colorectal liver metastasis (b). The corresponding Gd-EOB-DTPA enhanced MR fluoroscopy
(c) clearly depicts the lesion during the procedure.
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V-21
MR guidance for cellular therapies: diabetes and islet cell
transplantation
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Division of Vascular and Interventional Radiology, Russell H. Morgan Department of
Radiology and Radiological Science, The Johns Hopkins University, Baltimore, MD USA

Overview:
Cellular therapies have been proposed for a host of diseases such as neurodegenerative
disorders, myocardial infarction, peripheral vascular disease, tendon/cartilage disease, liver
failure, and diabetes.[1-9] Recently, many of these cellular therapies have been tested in
clinical trials, but due to variable outcomes, only one (islet cell therapy for diabetes) has been
adopted into clinical practice.[7, 10] A significant difficulty in assessing and improving the
clinical effectiveness of these therapies has been that treatment failures can be related to a
variety of variables, including the type of cell delivered, the dose of cellular therapeutic, the
dosing regimen, and the location and mode of delivery.
Magnetic resonance (MR) has the potential to improve cellular therapies and their
assessment by providing both guidance for cell delivery, and the ability, through cell labeling,
to monitor and track delivered cells. Using the example of islet cell transplantation for
diabetes, this abstract will provide a brief review of current techniques for MR guided
delivery and tracking of cellular therapeutics.
Diabetes and Islet cell therapy:
Islet cell transplantation is an innovative and effective treatment for patients with Type
I diabetes who are inadequately managed despite maximum medical treatment. In this
procedure, purified islets extracted from the pancreas of a deceased organ donor are infused
into the recipient liver via the portal vein. Ideally the islets engraft in the liver, produce insulin
and restore euglycemia in many patients.[11] A recent multi-institutional, international trial
demonstrated that the standard-of-care “Edmonton protocol” for transplantation of islets
resulted in a one-year insulin-independence rate of 44%, a partial function rate of 28% and
complete graft loss 28% at 1 year after transplantation.[12] As in most islet transplantation
trials, the cells could not be directly monitored, and the reasons for engraftment failure were
unknown. Allograft rejection, autoimmunity, and islet toxicity of the immunosuppressive
drugs themselves, were all posited to contribute.[12] Furthermore, the standard,
fluoroscopically-guided, percutaneous, transhepatic approach for portal venous access used in
this trial resulted in a not-uncommon procedural complication rate of 10%, including acute
intraperitoneal bleeding (9%) and bile duct injury (1%).[12]
MR’s Role in Islet Transplantation:
These results, and the results of other islet transplantation trials, underscore the
potential roles of MR in islet cell therapy, particularly for Type I diabetes.
Procedure Guidance: The current percutaneous method for islet cell transplantation
into the portal venous system primarily uses fluoroscopic guidance, which provides limited
anatomic information and is associated with a high complication rate, which ranges from 1020%.[11-13] MR, with its exquisite anatomic detail, vascular conspicuity, multiplanar
capabilities, and real-time device tracking is an ideal modality for accessing the portal
vein.[14, 15] Direct, MR guided needle placement has been demonstrated to be both feasible
and safe in both animal models and patients, and may provide the least equipment intensive
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and most readily available method for MR guided portal vein access in patients. Image
fusion, using either a hybrid MR / X-ray angiography suite or an external image overlay
device, also holds promise for safe, percutaneous MR guidance but requires more expensive
and specialized equipment.[15-17] The development of loopless antenna technology has led
to the production of trackable MR-visible catheters and needles for intra-vascular cell
delivery.[18-21] These catheters have been used to achieve rapid, retroperitoneal access to the
portal vein using a trans-femoral, inferior vena cava (IVC) approach with direct puncture
from the IVC to the portal vein.[22-24] This approach has the potential to greatly improve the
safety of portal vein access.
Tracking and Monitoring of Islet Cells: As the underlying causes of engraftment
failure are poorly understood, there is a need for non-invasive monitoring of the fate of islets
following transplantation. Innovative methods to image transplanted islets, so that their
morphology, location, distribution, and function have been developed. Direct labeling for MR
delivery and tracking of cellular therapies is most commonly performed with iron oxides,
gadolinium-based contrast agents or fluorinated compounds.[19] The agent used most
commonly to directly label islet cells has been iron oxide, which has been used to track cells
using MR in both animal and human studies.[25-27] Recent work has demonstrated the utility
of incorporating these iron oxides into alginate microcapsules – creating so-called
“magnetocapsules.”
These magnetocapsules have been used to simultaneously to
immunoprotect pancreatic islets and to monitor, non-invasively in real-time, hepatic islet
delivery and engraftment by magnetic resonance imaging.[24]
Conclusion
The role of MR in Islet cell transplantation underscores the potential of MR for
guidance, tracking and monitoring of cellular therapy in other organ systems and disease
processes.
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Heart, cell therapy, and how to get there
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Objective
Due to the limited regenerative capacity of the heart, methods to ameliorate adverse
cardiac remodeling after an ischemic event have ranged from drug [1] and gene therapy [2] to
most recently cellular therapies.[3, 4] Whereas drug and gene therapies may provide
cytokines to assist in recruitment of the appropriate building blocks for the creation of new
cardiomyocytes and blood vessels, only cellular therapy can directly supply these elements.
Imaging is naturally complementary to preclinical studies and clinical trials of cellular
therapies in that it can assist with targeting of cell therapy, providing tracking of cells, and
measure efficacy of treatment.[4, 5] This abstract will provide a review of the current stateof-the-art of MRI and cardiovascular cell therapy.
Methods
Cell labeling for MRI delivery and tracking has been performed using two basic
techniques. Direct labeling is most commonly performed with iron oxides, gadolinium-based
contrast agents or fluorinated compounds.[6-8] The advantage of direct labeling is the
simplicity of the technique allowing for high-throughput labeling.[9] The primary
disadvantages of direct cell labeling is dilution of the labeling with cell division lowering
sensitivity and the potential for the label to become decoupled from the cell if the dies.[10-13]
The latter concern coupled with the regulatory hurdles has limited the application of these
techniques almost exclusively to preclinical cardiovascular studies. The second method,
reporter gene labeling of cells, has been used less frequently due to species-specificity of the
technique, increased cell manipulation required, and concerns about genetic alterations.[14,
15]
While MRI delivery of MR-visible cells has been explored in relevant animal models
in several groups,[5, 16] the challenges of the poor physiological monitoring in the MRI
environment, relatively low temporal resolution compared to X-ray fluoroscopy, and the need
for MR compatible devices, have limited the expansion of these techniques.[17] The
installation of hybrid imaging suites show promise for combining the interactivity of X-ray
fluoroscopy with the anatomical and functional detail obtained from MRI to enhance delivery
and decrease radiation exposure.[18-20]
Results
Numerous studies have demonstrated the ability to track stem and progenitor cells that
are delivered by a variety of different routes, e.g., intravenous, intramyocardial, intracoronary,
etc., to the heart. Yet, various ischemic cardiac animal models have yielded disparate results
about the persistence of iron oxide nanoparticles in the heart as assessed by serial MRI.[1013] In part due to this issue, none of these techniques has been translated to ongoing clinical
trials unlike techniques using radiolabeled substances.[21] Furthermore, delivery of stem
cells to the heart using MR guidance, which was demonstrated in 2003,[16] has seen little
advancement in the ensuing years. Dual imaging modality techniques combined with hybrid
imaging platforms appear to offer the most likely integration of the high anatomical functional
detail and serial imaging advantages of MRI.
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Conclusion
Adoption of MRI methods of stem cell labeling to cardiovascular clinical trials
remains low. However, the ability of MRI to assess infarct size and cardiac function for
assessment of efficacy is increasing in clinical trials. The increased availability of MRI along
with the adoption of fusion imaging techniques with new flat panel detector X-ray
angiographic suites capable of acquiring 3D-like data sets should result in increased x-ray
fusion with MRI techniques for cellular delivery.
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Objective
Intracerebral administration of therapeutic agents via convection enhanced delivery
(CED) [1] has been used to treat neurological diseases in several clinical trials [2]. However,
verification of accurate delivery to the target structure has been problematic and this variable
has been associated with outcome discrepancies. In this study we employed real time MR
imaging in conjunction with a novel delivery system and a custom designed infusion cannula
to target and monitor CED infusions in a non-human primate (NHP). We evaluated the
targeting accuracy of the technique and validated the ability to predictably and consistently
cover large infusion volumes.
Materials and Methods
CED infusions were performed in an NHP animal model (Macaca mulata). All studies
were performed with approval from our institutions animal care committee. Animals were
under general anesthesia and were immobilized in an MR compatible frame in the supine
position. A set of two surface coils were placed laterally, on the sides of the animals head. All
imaging was performed on a 1.5T Avanto (Siemens Medical Solutions, Erlangen, Germany)
magnet.
Targeting and insertion of an
infusion cannula were performed with a
customized trajectory guide and neuro
navigation system (SurgiVision Inc,
Irvine, CA, USA). The trajectory guide
was mounted on previously prepared
threaded plastic adapter plugs that were
surgically implanted in the skull of the
NHP (Figure 1). The trajectory guide
features four geared degrees of freedom
(pitch and roll around a pivot point and
X-Y translation) that can be remotely
controlled. The trajectory guide has an
MR visible alignment cannula that
reveals its present orientation. The
control software allows the user to
Figure 1.
The trajectroy guide is shown mounted
identify a target and provides feedback
on the NHP. The surgically implanted plugs are evident
on how to manipulate the trajectory
near the L and R. The colored knobs correspond to the
pitch and roll (blue, orange) and X-Y translation (green,
guide to achieve alignment. Initially,
yellow) controls, which are connected to a remote
pitch and roll adjustments are made,
control unit via the visible rods. The infusion cannula
which provide course alignment.
(arrow) is shown inserted through the lumen of the
Subsequently, images are acquired along
alingment cannula.
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the orientation of the alignment cannula and the SW fits this MR visible object to a linear
function. This line is projected into the animal and fine adjustments are made with the X-Y
stage, which explores parallel trajectories to that initially defined in the pitch/roll adjustment.
Once the projection of the cannula appears to be appropriately directed towards the selected
target, then insertion of an infusion cannula (arrow in Figure 1) can begin.
The infusion cannula was rigid and made of ceramic with a fused silica core. It was
designed to be resistant to reflux along the cannula itself and featured two separate diameter
changes. The proximal ceramic portion of the cannula had a 1.7 mm outer diameter that
stepped down to 0.7mm at 18mm from the distal tip. A fine fused silica tip extended 3mm
beyond the end of the ceramic and represents the source of CED infusions. The infusate in all
studies was dilute (1mM) gadoteridol in physiologic saline that was infused at rates of 1-3
µL/min by an MR compatible infusion pump. Infusion rates were initially set at 1 µL/min and
were only increased after evidence of infusate convection was obtained with MR imaging.
Infusion monitoring was performed serially with heavily T1-weighted 3D gradient echo
images (180mm FOV, 64 slices, 0.7x0.7x1.0 mm voxel resolution, TR/TE/flip =
17ms/4.5ms/400, BW = 160 Hz/pix, scan time = 4:45 for 2 signal averages). The first volume
acquired after cannula insertion was obtained with a 40 flip angle to improve anatomic
visualization. The heavily T1-weighted followed serially, monitoring CED infusion with a
temporal resolution of approximately 5 minutes. The initial volume in which the infusate was
visible was used to determine the position of the fused silica tip and evaluate targeting
accuracy. Distribution volumes were access offline with Osirix, an open-source DICOM
software package. ROI’s were manually traced on all slices exhibiting the infusate and
volumetric reconstructions were obtained to generate infusion volumes (Vd). The infusion
volumes were additionally correlated to the infusion volumes (Vi) at the corresponding time.
Results
The NHP’s were each imaged twice, with a total of 11 CED infusions performed in
these four imaging sessions. Infusions were limited to a single hemisphere in an individual
day, with the contralateral hemisphere infused in a subsequent study. Targets were selected in
the subthalamic nucleus (4), thalamus (4), hippocampus (2) and substantia nigra (1). Average
target depth from the surface of
the brain was 27±5 mm. The
ceramic portion of the infusion
cannula was visible on imaging;
however, the distal fused silica
that extended the final 3 mm
was not detectable until the start
of CED (Figure 2). For the
purposes
of
determining
targeting error, the center of the
distal portion of this early
enhancement was used as the
achieved position. Average
targeting error, measured as the
difference between the 3D
Figure 2.
The early phase of CED in this NHP. The external
coordinates of the selected and
alignment cannula is visible on these heavily T1-weighted images
and the ceramic infusion cannula (left, yellow arrows) has been
achieved position of the
introduced. Infusion begins immediately and the position of the
cannula tip, was 0.7±0.2 mm.
3mm fused silica tip only becomes evident once the infusate enters
the brain (right, red arrow).
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Figure 3.
CED of a larger volume (~200 µL) of dilute gadoteridol. In this case the infusion lasted over an
hour, with infusion rates up to 3 µL/min. Reflux along the infusion cannula is well controlled and good
volumetric coverage within the thalamus is achieved.

Infusion volumes ranged between 15-230 µL and no infusions exhibited reflux or extended
beyond the target volume. Infusion of larger volumes (Figure 2) initially began at flow rates
of 1 µL/min and incremented in steps of 0.5 µL/min after imaging demonstrated that the agent
was convecting appropriately. Infusion rates incremented every 5 minutes until a final
infusion rate of 3 µL/min was achieved.
Infusion into small deep structures like the
hippocampus (Figure 4) proved to be practical
with this approach. Distribution volumes (Vd)
correlated linearly with infusion volumes (Vi)
(Pearson correlation coefficient = 0.968) and the
average ratio of Vd/Vi was 3.1 for the larger
infusions that were performed. Each of the four
thalamic infusions were performed in close
proximity (5-6mm) to a previous infusion site.
Infusions were performed serially and the
volume of distribution of the thalamic infusions
overlapped the initial infusion sites but did not
produce reflux along the old cannula tract. Figure 4.
CED into the hippocampus is
Thus, it appears to be possible to perform shown. Cannula position is initially evaluated with
multiple serial infusions in relatively close low flip angle imaging (left) and reveals the
proximity without concern for reflux along transition between the ceramic cannula and fused
previous cannula tracts. Finally, no MR-visible silica tip (arrow). Infusion into the hippocampus is
effective, as revealed by heavily T1weighted images
hemorrhages or other adverse events occurred (right).
during CED.
Conclusion
MR guided convection enhanced delivery with an integrated trajectory guide, neuro
navigation system and infusion cannula achieved a high level of precision, predictability, and
safety. This technique should permit accurate intra-cerebral drug delivery via CED and help
overcome the outcome discrepancies that have plagued earlier studies.
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Objective
Many methods have been developed for labeling stem cells for aiding in delivery and
tracking of cellular therapeutics. Unlike direct labeling techniques, reporter gene labeling of
stem cells is not hindered by label dilution with cell division or confounded by label
persistence after cell death since the reporter gene is passed to the daughter cells and only
viable cells will express the reporter gene. However, systemic delivery of a reporter probe
can be costly and often delivery can be hampered in ischemic areas. Recently, we have
developed a novel microencapsulation technique of reporter gene expressing mesenchymal
stem cells to enable X-ray and MRI tracking of the therapeutic with imaging of cell viability.
Our objective was to use MRI and X-ray imaging to guide delivery of the reporter probe
directly to the cells
Materials and Methods
All animal studies were approved by the Institutional Animal Care and Use
Committee. Bone marrow-derived mesenchymal stem cells (MSCs) were expanded from
male New Zealand White rabbits. MSCs were transfected with a reporter gene expressing
luciferase for bioluminescence imaging and truncated thymidine kinase for PET imaging.
Transfected male MSCs were microencapsulated with alginate-poly-L-lysine-alginate (APA)
[1] and delivered in 2-6 injections intramuscularly to the medial thigh of female New Zealand
White rabbits (n=7) adjacent to the superficial femoral artery to stimulate angiogenesis. The
contralateral thigh received an equivalent number of injections of transfected male MSCs
microencapsulated in APA impregnated with perflurooctylbromide (PFOB-APA) to enable
MRI and X-ray visualization.
At varying intervals from 1-5 days post administration, 19F MRI was performed to
assess using a custom 4-channel phased array tuned to the fluorine resonance on a 3T scanner
(Tim Trio, Siemens) using a 3D TrueFISP pulse sequence (3.9/2.0ms TR/TE; 1.5x1.5x2 mm
voxel size; 32 averages; 1002 Hz bandwidth; and 14 min scan time) in anesthetized rabbits.
c-arm CTs (DynaCT, Axiom Artis dFA, Siemens) were acquired with the rabbits in the same
position either immediate prior to or after MRI. MRI and c-arm CT volumes were coregistered. Microencapsulated MSCs were identified on 3D MRI volumes or c-arm CT and
used for planning reporter gene injection sites in the skeletal muscle. Targeting of
hypodermic needles to the six PFOB-APA injection sites was performed using a custom
software program, Xloc, where the skin insertion point and capsule target were identified. Xray fluoroscopic images could be overlaid with previously acquired c-arm CT or MRI and
injection planning to assist in targeting the injection sites. After targeting, needle locations
were injected with the reporter gene probe. The unlabeled APA capsules were injected
blindly with reporter gene probe based on previously marked injection locations on the skin.
Reporter gene imaging was then performed to determine the success of the reporter probe
injections.
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Results
All PFOB-APA injection sites seen on 19F MRI were visualized on c-arm CT.
However, two injections in one rabbit were absent in both imaging modalities (Figure 1) and
one injection in one rabbit appeared confluent with another injection in both imaging
modalities. The nonlabeled APA capsules could not be appreciated on either MR or X-ray
imaging.
Successful targeting to PFOB-APA was achieved in all animals based on follow-up carm CT (Figure 2). Only 15% of unlabeled APA injection sites were visualized on reporter
gene imaging. In one animal, successful targeting to PFOB-APA injection sites was not
visualized on reporter gene imaging; in this case, an aliquot of PFOB-APA and unlabeled
APA capsules that were maintained in culture were found to contain only dead cells.

Figure 1.
Coronal proton MRI with overlay of 19F MRI (left) demonstrating 4 injection sites
(yellow arrows). The same injection sites are visualized on c-arm CT (middle). Reporter gene imaging
PFOB-APA targeted injection sites in right thigh are visible whereas only one non-targeted injection is
appreciated in left thigh (right).

Conclusion
In poorly perfused regions, the delivery of
reporter probes may be compromised resulting in
an inability to determine whether cells remain
viable or not. Fusion techniques, such as MRI or
CT with X-ray fluoroscopic techniques, can be
used to guide reporter gene delivery to MRI and
X-ray-visible microcapsules.
We have
demonstrated this technique using clinical MRI
and X-ray angiographic imaging suites to guide
unambiguous determination of cell viability by
reporter gene imaging.

Figure 2: 3D volume rendering of carm CT demonstrating successful
targeting to 2 injection sites in the
medial thigh. A needle is shown
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Objective
Drug delivery of chemotherapy agents using aerosolized liposomes such as cisplatin is
a promising alternative to systemic chemotherapies of lung cancer [1]. Preclinical studies
have shown that the effectiveness of the aerosol therapy increases dramatically, compared to
oral and parenteral administration, when the liposomal droplets are targeted in the lesion [2].
The present paper proposes to use the magnetic gradient of MRI scanners to perform targeting
of magnetized aerosolized chemotherapy in deep-seated lesions of lungs. Analysis and
simulations are performed to demonstrate the motion behavior of the magnetized aerosol
droplets within the airways when they are subject to magnetic fields and to identify the critical
MRI gradients needed for efficient targeting.
Materials and Methods
The idea of MRI-guided robotic drug-delivery is based on the use of the MRI
magnetic gradients to provide both controlled 3D propulsion and imaging (feedback) of the
magnetized liposomal agents, and aims at accurately targeting deep-seated lesions. The
method has been pioneered by Sylvain Martel at the Ecole Polytechnique of Montréal and till
now it has been proposed only for intravascular guidance of therapeutic agents [3]. The MRIguided robotic drug delivery system comprises: (a) User Interface module (b) Controller
module, (d) Propulsion module and (b) Tracking module. The system architecture is depicted
in Figure 1. The environment within which the aerosolized liposomal agents will be driven is
the human respiratory tract.

Figure 1.
System architecture of MRI-guided
robotic drug delivery platform.

Figure 2.
platform.
82

Architecture of the computational

The targeting efficiency depends primarily on the forces that the MRI platform can exert on
the magnetized liposomal agents. Therefore a force capability assessment is performed using
the method of dimensional analysis. Also a computational platform has been developed to
perform dynamic simulation of the motion of the magnetized liposomal droplets within the
human airways. The computational platform incorporates mathematical models of the external
magnetic fields, the interparticle magnetic forces, the interparticle contact forces, gravitational
forces, the van der Waals forces, and the fluidic forces taking into account wall effects and
non-newtonian flow. The computational platform is based in techniques of discrete element
modeling, it was implemented in MATLAB, its flow diagram is demonstrated in Figure 2 and
detailed descriptions of the models are presented in [4].
Both dimensional analysis and numerical simulation focus on those airways where
turbulence is small and can be neglected, i.e. after the 3rd generation of bronchi. The first
three bronchi generations (G0, G1, G2) are not considered here because they exhibit
significant turbulence and should be analyzed using a CFD software. The simulation results
are validated through an experiment, where a suspension of iron oxide superparamagnetic
polystyrene particles of 5.4 m diameter (Spherotech Inc. (IL), PM-50-10) is placed within a
magnetic field of 1.5 T. The concentration of the particles in the experiment is similar to that
in the simulation scenario.

Figure 3.
Initial configuration of magnetic
particles within a field of 1T

Figure 5.

Initial configuration

Figure 4.

Final configuration of particles.

Figure 6.

Final configuration.
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Results
Dimensional analysis has been conducted for the case of the 3rd and 5th generation of
bronchi and for breathing flow-rate of 18 l/min. The results of the analysis demonstrate that,
the typical gradients produced by clinical MRIs (up to 45 mT/m) are not sufficient to target
aerosol volumes of diameter less than 150 m. This is a prohibitively large size for
aerosolized droplets. One way to overcome this limitation is the insertion of Special Gradient
Coils into Clinical MRIs to increase the magnitude of the gradients. For example an increase
up to 460 mT/m has been reported in [5]. However, dimensional analysis shows that even in
this case, only aerosol volumes of diameter greater than 15 m can be targeted. Hence, a
physically isolated droplet, which usually has diameter less than 5 m cannot be driven using
a clinical MRI platform. It is proposed to solve this problem by exploiting the natural
tendency of magnetized particles to aggregate when they are in a magnetic field. Aggregated
droplets have greater magnetic volume and therefore result in greater magnetic forces when
subject to the magnetic gradients of the MRI coils.
The computational platform is used to simulate and predict the size and geometry of
the aggregations that are formed within a clinical MRI of 1.5 T [4]. Droplets are modeled as
spherical particles, the fluid has zero flow and the external uniform magnetic field has an
orientation of 45o with respect to the x-axis. Simulation results are presented in Figure 3 and
Figure 4. The initial configuration at t=0s and final configuration at t=300s demonstrate that
due to the aligning effect of the field, and due to the competition between magnetic dipoledipole interactions, the droplets tend to self-assemble into chains, with their magnetic dipoles
aligned in a head to tail fashion and parallel to the external magnetic field B. Also chains tend
to form bundles resulting in even higher magnetic volumes. An experiment has been
conducted to validate the simulation results produced by the computational platform. The
initial and final configuration of the polystyrene particles has been recorded by a bright-field
microscope and are depicted in Figure 5 and Figure 6. The experimental results verify the
geometry and the size of the aggregations demonstrated in the simulation.
Simulation and experimental results demonstrate that, within a magnetic field of 1.5 T,
aggregations of magnetized particles are formulated. The magnetic volume of the bundle of
chains is equivalent to that of a sphere whose diameter is greater than 15 m. Hence, it is
expected that the magnetic gradients produced by enhanced gradient coils will be sufficient to
drive the aggregations within the human airways.

Conclusion
The paper proposed that magnetic targeting of aerosolized chemotherapy could be
applied to humans using clinical MRI platform to generate magnetic gradients and target
magnetized liposomal droplets to a deep-seated lesion of the lungs. The analysis demonstrated
that clinical MRI platforms cannot generate sufficient forces for guiding physically isolated
aerosol droplets due to the low magnetic gradients and due to the small magnetic volume of a
single aerosol droplet. To overcome these limitations, a radically new approach was proposed:
to scale-up the forces by exploiting droplets’ aggregation generated by the uniform magnetic
field of the MRI scanner. The novel concept of generating a varying magnetic volume by
controlling the size and geometry of the aggregation was assessed using a dynamic simulation
platform developed by the authors. The results of the dynamic simulation were validated by
experiment.
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Safety—MR system and MR interactions of medical devices
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Objective
MR safety for the MR system and the patient is recognized in IEC 60601-2-33 [1]. In
the current 3rd edition, the MR worker is mentioned in addition being exposed to static
magnetic fields, pulsed gradient magnetic fields as well as alternating electromagnetic fields.
Furthermore MR safety and image compatibility are internationally recognized as important
issues for medical devices. ASTM International F2503-08 [2] and DIN 6877-1 [3] (and
current IEC 62570 [4] new joint project) provides comprehensive marking requirements. FDA
guidelines, first European EN and international IEC [1, 5] and ISO standards contain MR
safety and imaging compatibility requirements. Medical devices and items that can be
exposed to an MR environment must be tested on magnetically induced forces, torques, RF
heating, induction of voltages, safe functioning and MR image artifacts. Additionally, the
transfer of results is important from MR labeling towards the MR safety user interface at the
MR console.
Subjects
The IEC 60601-2-33 MR safety standard has opened the contraindication of MR
scanning of medical devices slightly, if the implant’s IFU describes the significant RISK
associated with MR scanning. Important safety conditions are regulated for the MR system in
the standard classifying the normal, first and second level operating mode within the
controlled access area. Considered parameters for patients, patient carer, volunteers and MR
worker are the static magnetic field incl. the spatial gradient in the fringe field, the pulsed
gradient magnetic fields resulting in dBxyz/dt and possible peripheral nerve stimulation, the
MR coil, specific absorption rate and temperature limits resulting from the radio frequency
electromagnetic fields. Furthermore the acoustic noise level and safety precautions for liquid
cryogen and a magnet quench.
For testing purposes of items within the MR environment, magnetically induced
displacement forces can be measured apart from force gauges, indirectly via a deflection
angle generated by the magnetically induced force and the gravity force of the device. The
forces are dependent on the static magnetic field, the spatial gradient ∇B in the fringe field
and the magnetic saturation of the device material.
Magnetically induced torque aligns the device relative to the orientation of the main
magnetic field. The torque depends on the device dimensions, the magnetic saturation and is
measured at the magnet isocenter. ASTM F2052 [6] and F2213 [7] provide testing methods of
force and torque.
Radio frequency (RF) induced heating is a complex and multi-parameter dependent
MR safety issue. RF pulses are in the area of MHz and apply the main amount of heating
energy. Not only device properties like electric conductivity, dimension, etc. have to be
considered, but also the geometric arrangement relative to the specific MR environment.
ASTM F2182 [8] provides a basic test method. In this area computer simulation of
electromagnetic fields, SAR and temperature distribution is currently developed to assist in
heating testing.
Gradient magnetic fields contribute negligibly to heating effects due to the lower
frequencies in kHz range. However, as well as RF pulses, switched gradients can induce
voltages in conductive wires, loops and structures and can increase the risk of unintended
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tissue stimulation or can lead to burns or even fire by spark discharges. Further standards
development is work in progress e.g. RF and gradient induced voltages, vibration and heating.
Further safety concerns for active and non-active devices are the safe function of the
MR system and the device respectively, which can also be described as RF- and gradientdependent electromagnetic compatibility (EMC) issues. A device must undergo an individual
testing procedure for its specific operational properties.
MR imaging artifacts do not affect the patient safety primarily, but distort or misplace
image information. Susceptibility and RF artifacts can lead to diagnostic misinterpretation by
significant lack of information and may obstruct follow-up examination. Notification about
artifacts should be included in the device labeling. As an appropriate standard test method
ASTM F2119 [9] can be used.
Results
Comprehensive investigation of all interactions and worst-case scenarios is deemed to
be necessary. Results must be coded into a comprehensive device labeling considering
readability and adaptability for the user interface. ASTM International has developed useful
standardized MR test methods for magnetic force, torque, RF heating and MR artifacts
(www.astm.org). Continuous redefining and adaptation of international standard test methods
is required. Multi-parameter dependent MR testing issues need implementation of appropriate
computer based simulation assistance
Conclusion
Standardized MR testing of medical devices and items used in the MR environment is
compulsory for providing the MR user with a comprehensive and reliable MR safety labeling.
Standardized tests minimize patient risk and are guiding device manufacturers in development
of MR safe/MR conditional devices as well as the MR user by support of meaningful MR
labeling for practical use in clinical MR routine on-site.
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HIFU of uterine fibroids
W. Gedroyc
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MR guided focused ultrasound is a completely noninvasive technique of applying
ablative energy to deep tissue structures without anything crossing through the skin other than
ultrasound. More than 5000 fibroid treatments have been carried out around the world and I
will present data indicating the current success rates and indications and exclusions for this
type of treatment as it is evolving. Areas of further development and new developments in
hardware will be discussed which will improve this field and take it further.
Currently MR guided focused ultrasound of uterine fibroids provides a successful and
effective method of treating medium-sized uterine fibroids providing there is a suitable
acoustic window to reach the target and has a success rate very comparable to that of other
therapeutic modalities. The potential of this ablative technology to treat deep body pathology
will also be discussed and I will demonstrate early work in other areas of the body to show
what will be achieved in the future using this technology.
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MR-guided high intensity focused ultrasound of liver and kidney
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Local temperature elevation may be used for tumor ablation, gene expression, drug
activation, gene and/or drug delivery. High Intensity Focused Ultrasound (HIFU) is the only
clinically viable technology that can be used to achieve a local temperature increase deep
inside the human body in a non-invasive way. MRI guidance of the procedure allows in situ
target definition and identification of nearby healthy tissue to be spared. In addition, MRI can
be used to provide continuous temperature mapping during HIFU for spatial and temporal
control of the heating procedure and prediction of the final lesion based on the received
thermal dose. The primary purpose of the development of MR guided HIFU was to achieve
safe non-invasive tissue ablation. The technique has been tested extensively in preclinical
studies, and is now accepted in the clinic for ablation of uterine fibroids. Ablation of
malignant tumors is under active investigation in breast, prostate, brain, liver, and kidney. For
each application and organ, specific technical developments are needed.
Temperature mapping of mobile organs as kidney and liver is challenging, as well as
real-time processing methods for feedback control of the HIFU procedure. Three central
issues are addressed in this presentation together with progress and preclinical validation:
1) Rapid temperature mapping. Ideally, a suitable MR-Thermometry method should for
this role achieve a sub-second temporal resolution while maintaining a precision comparable
to those achieved on static organs, while not introducing significant processing latencies. A
computationally effective processing pipeline for 2D image registration coupled with a multibaseline phase correction and GPU processing is proposed in conjunction with high framerate MRI as a possible solution. The proposed MR-thermometry method was evaluated at a
frame-rate of 10 images/s in the liver and the kidney of 11 volunteers and showed a precision
of < 2 °C in 70 % of the pixels while delivering temperature and thermal dose maps on the
fly. The ability to perform MR-Thermometry and Dosimetry in-vivo during a real intervention
was demonstrated on a pig kidney during an HIFU-heating experiment.
2) Intercostal HIFU firing to avoid excessive heating around the ribs. The ribs can be
visualized on anatomical images acquired prior to heating and manually segmented. The
resulting regions of interest surrounding the ribs are then projected on the transducer surface
by ray tracing from the focal point. The transducer elements in the rib “shadow” are then
deactivated. The method was validated ex vivo and in vivo in pig liver during breathing under
multi-slice real-time MR thermometry, using the proton resonance frequency shift method. Ex
vivo and in vivo temperature data showed that the temperature increase near the ribs was high
when HIFU sonications were performed with all elements active, whereas the temperature
was reduced with deactivation of the transducer elements located in front of the ribs. The
temperature at the focal point was similar with and without deactivation of the transducer
elements, indicative of the absence of heat efficacy loss with the proposed technique.
3) Real Time MRI tracking of mobile targets for guidance of HIFU ablation with subsecond 3D HIFU beam steering. The target position can be visualized in 3D space by
coupling rapid 2D MR imaging with prospective slice tracking based on pencil beam
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navigators. The MR data are processed in real-time by rapid, GPU based, off-line methods
providing the target position, the temperature and the thermal dose. The target position is sent
to the HIFU phased array system for focal point repositioning.Real-time processing of MRI
temperature maps for a description of local displacements.
In summary, MR guided HIFU for ablation in liver and kidney is feasible but requires
integration of technologically advanced methods.
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Objective
High Intensity Focused Ultrasound (HIFU) in the abdomen is a challenging problem
due to the changing path and path obstructions that can occur through a single sonication.
Having an accurate method to quickly visualize the transducer focus without damaging tissue
could assist with treatment planning and predicting these changes and obstacles. MR Acoustic
Radiation Force imaging (MR-ARFI) is a potential way to assess the focus. We developed
and tested a spin echo flyback RS-EPI sequence for MR-ARFI. We visualized MR-ARFI
spots in a pig liver under general anesthesia, observing the change of focal displacement and
ease of steering. In one location, the displacement varied linearly with power. MR-ARFI in
the liver will have great potential in improving free-breathing treatment planning while still
being power efficient, time efficient, and safer than current calibration standards.
Materials and Methods
All MRI imaging and HIFU ablation were performed in custom build real time MRI
software,using RTHawk (HeartVista, Inc, Los Altos, CA), a flexible real time imaging
platform [1]. The MRI software divides treatment and treatment planning into multiple steps:
transducer localization, MRI pulse sequence modification and MR thermometry baseline
collection, treatment planning, focal spot calibration, and ablation. Additionally, respiratory
bellows information was continuously read from the serial port, tagged to incoming images,
and used for gated scans.
Transducer localization was performed with micro-coils embedded in the transducer,
using an phase dithering MR-tracking pulse sequence [2] to localize each. The region where
focusing would be possible (5-15cm from the face, no greater than 30º angle) was then
overlaid on large field of view scout images prescribed parallel and perpendicular to the
transducer's face. Image slice locations were then selected, and up to 30 baseline images were
collected throughout the animal's respiratory cycle. Treatment planning was performed on
these images, determining where on each image the transducer should steer towards. The user
can place fiducials on the baseline images to help facilitate treatment location positioning.
With image slices and general transducer target locations determined, MR-ARFI focal
spot calibration could proceed. The pulse sequence was a spin echo RS-EPI sequence,
selected primarily for speed and similarity to the MR thermometry sequence, also a RS-EPI

Figure 1. Representative MR-ARFI images with increasing power.
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sequence with an identical readout trajectory [3]. Identical trajectories would provide
identical geometric shifts due to off-resonance effects, allowing simple future registration
between MR-ARFI and thermometry. Additionally, with RS-EPI, the center shot can be
reconstructed independently, yielding a fully sampled, low resolution image.
The
reconstruction consisted of acquiring one image with the bipolar ARFI encoding directions
being positive/negative, then subtracting the image acquired with negative/positive bipolar
gradients. MR-ARFI experiments were performed in vivo in a pig liver with an ExAblate
Conformal Bone System (InSightec Ltd, Tirat Carmel, Israel) with a 550 kHz extracorporeal
transducer in a Signa Excite 3.0T Scanner (GE Healthcare, Waukesha, WI). The pig was
positioned supine, and the transducer was placed over the liver in an area devoid of ribs.
Two tests were performed: varying power at a prescribed focus, and examining
electronic beam steering for transducer calibration. The animal was free breathing during the
experiment, but the acquisitions were performed during the quiet phase of respiration.

Figure 2. Plot of displacement versus acoustic power.

Results
Figure 1 shows example images of the
displacement caused by radiation force, and Figure 2
plots acoustic power in the focused region, compared
to a background area where no displacement occurs.
The displacement varies linearly with power, as
expected.
Figure 3 highlights MR-ARFI’s utilization for
transducer calibration. The focal location is desired to
be at the green (lower) point, however it is evident
that the focus is shifted slightly higher. A purple point
is placed at this actual location. The software
calculates the geometric correction necessary to shift
the focus back to the target location, and the
procedure is repeated. In the second image, the
displacement energy is now correctly situated on the
green point. In this experiment, only 80J was
deposited, compared to 800J for a typical calibration
test spot. Furthermore, the ARFI energy could be
reduced while still providing effective calibration.
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Figure 3. MR-ARFI Calibration example.
In the yellow boxes, focus should be at the
green (lower) point but initially is located at
the purple (upper) point (top image). After
calibration (lower image), the focus is in the
correct location.

Conclusion
High Intensity Focused Ultrasound ablations, particularly in the abdomen, will heavily
rely on MR-ARFI sequences to accurately and safely treat lesions undergoing free breathing.
We created a sequence for MR-ARFI and tested it in an in vivo porcine model. As the current
pulse sequence contains the same geometric distortions as our thermometry sequence, MRARFI information can now provide accurate and faster planning for HIFU ablations.
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Objective
The objective of this study is to evaluate the proposed focal point tracking technique
using the positions of vessels in the abdominal organ such as liver under MR-guided Focused
Ultrasound Surgery (MRgFUS) without respiratory control. For the liver MRgFUS treatment,
a focal point has to be “locked on” the target region because the organ moves and deforms
with respiratory motion. To date, a few techniques using navigator echoes and/or feature of
periodic respiratory motion have been reported to determine the present position of the organ
[1, 2]. However, the errors in tracking may increase when the periodicity of organ motion is
lost. Thus, we have developed the focal point tracking technique based on the relative
displacement of positions of vessels in the liver [3]. In this paper, the estimation and
prediction accuracy using the vessel-based technique were evaluated with the volunteer study.
Materials and Methods
Measurement of respiratory displacement - The portal vein spread to both lobes of
the liver from the entry point. Since the primary direction of the respiratory-induced motion of
the liver is in the superior-inferior direction, the vessels look circular in the sagittal plane [4].
The vessels appeared as hyper-intense in the T2/T1 contrast, and the True FISP (Fast Imaging
with Steady Precession) images were further delineated by edge enhancement using a 3 × 3
sobel filter after smoothing the images with a 3 × 3 moving average filter. An edge enhanced
image is shown in Figure 1, where the brightness of the vessels edges has a higher intensity
than the other areas in liver. Several significant vessels were extracted and numbered as the
vessel of interest. The positions of Center-Of-Mass (COM) of vessels of interest were
obtained by calculating the average of x- and y-coordinates included in the vessel contour,
and were recorded. The local differences and deformation of COMs during respiratory motion
could be measured precisely by using the positions of COM’s in current and the following
images, and the changes of the area near the vessels of interest assumed to be similar.
Focal point estimation - The target region to be treated for one FUS treatment is
relatively much smaller than the organ size [5, 6], and just a localized part of the organ has to
be tracked. So, in our group, the focal points after respiratory motion were estimated by using
a set of three arbitrary COM’s of vessels of interest before and after respiratory motion.
Figure 2 (a) and (b) show a schema for determining the focal point from the positions of three
COM’s before and after respiratory motion. The relative relationship between vessels and
focal point were assumed to be kept as an elastic four-node mesh. The following equations
were devised to acquire the angle and distance specifying the focal point after motion:
'
 ∠ − ∠124 d12
d' 
∠
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'
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⋅
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where ∠123 and ∠124 were the angles formed by the COM’s of vessels and focal point before
respiratory motion, ∠’123 and ∠’124 were those after, d12, d23 and d24 were the distances of the
COM’s of vessels and the focal point before, and d’12, d’23 and d’24 were those after. To
reduce the estimation errors, the estimation technique was improved by using equal or more
than four COM’s of vessels. The focal point was estimated by using each COM trio selected
from the group of vessels as shown in Figure 2 (c). The focal point determined by the current
process was used as the focal point before motion in the next estimation.

Figure 1. Edge enhancement
image of the liver in the true
FISP acquisition.

Figure 2. Schematic diagrams for determining the focal point from the
positions of COM of the vessels before (a) and after (b) displacement. (c)
Positional relationship among focal point and vessels. The trio of vessels
connected by bold lines was an example.

Focal point prediction - The estimated focal position might be different from the
actual current position because of the several hundred milliseconds of delay time in the
images acquisition, the focal point estimation and the transducer placement and alignment.
Thus, the position gaps between the
actual and estimated focal positions
have to be reduced. Thus a new focal
point prediction technique using presurgical learning images was proposed
to compensate for the effect of the
delay. The images used for the
prediction were decided by comparing
between the positions of COM’s of the
vessels in the pre-surgical learning
image set and those of the image group
used for prediction (Figure 3). The focal Figure 3. Schematic diagram of the focal point prediction
points after current image were using pre-surgical learning image set.
predicted by using the images which were the most similar images to the image group used
for prediction in pre-surgical learning images.
Experiment for evaluation of tracking accuracy - To evaluate the tracking accuracy
of our techniques, experiments with healthy volunteers (n=3) were performed. Sagittal images
of healthy volunteer’s liver were acquired by a 1.5 Tesla MR scanner (Signa Excite 11, GE
Healthcare) with Fast Imaging Employing STeady state Acquisition (FIESTA) under free
breathing. The parameters were shown as follows: TR/TE = 5.2/1.7 ms; Slice thickness = 4.3
mm; FOV = 400 × 400 mm2; Flip angle = 45 or 50. Several selected vessels in the liver were
used as targets in place of focal points. The images in six respiratory cycles were used. The
six target positions were selected for each volunteer.
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Results and Discussion
Figure 4 shows the average and maximum errors of the target positions estimated by

Figure 4. Average and maximum errors between
the actual and estimated positions of the target. The
error bars shows the range of standard deviation.

Figure 5.
Average errors between the
actual and predicted positions of the target. The
horizontal axis shows the number of images used
for the prediction process. The error bars shows
the range of standard deviation.

our technique. All average errors were less than two millimeters and most of the maximum
errors were less than four millimeters. Thus, our technique may be acceptable for tracking the
focal point because the typical effective size of focal point is larger than these errors [5, 6].
Considering from the previous report [7], the target area involving the respiration motion
would be heated without losing the power of focused ultrasound by using our technique.
Figure 5 compares the average errors and standard deviation between the actual and
predicted positions of target with the number of images in image group used for prediction.
The average errors were calculated with the delay time up to 1320 ms from the present image.
The errors increased with the delay time, but were less than five millimeter. Also, the errors
obtained from over four images as the images in image group of used for prediction were less
than those obtained from under three images. Thus, our proposed prediction technique using
five or six images seemed to be practical.
Conclusion
In this paper, the tracking accuracy of our proposed vessel-based tracking technique
using the combination of estimation and prediction processes was evaluated to judge its
applicability to clinical practice. The tracking errors were less than five millimeter in the
volunteer experiments, and hence seemed to be in allowable range for the treatment with a
focal spot of the comparable dimension. The technique may work as a part of temperature
imaging in conjunction with the “referenceless” or “self-reference” technique proposed
previously [8, 9].
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Objectives
Acoustic radiation force imaging (ARFI) may provide useful information for planning,
monitoring and optimization of MRgHIFU (assessment of focusing quality and targeting,
mapping of tissue stiffness and immediate evaluation of tissue ablation). Since HIFU also
causes tissue heating, temperature elevation and tissue displacement produced by the radiation
force are always associated, at various degree. When repeated ARFI measurements are
performed (e.g. phase law adjustment in situ), the thermal accumulation may become
significant and must therefore be monitored. We propose here a novel MR sequence that
permits simultaneous mapping of ARF-induced tissue displacement and temperature
elevation, with temporal resolution on the order of one second.
Materials and Methods
An RF-spoiled segmented EPI gradient echo sequence was modified to integrate
symmetric bipolar motion encoding gradient (MEG) in the slice-select direction (max
amplitude=38mT/m, slew rate=100T/m/s, duration= 4.4ms). This MEG was inserted after RF
excitation pulse and before the phase encode gradient. The HIFU burst was produced by a 256
multi-element transducer (Imasonic, Besançon, France). Natural focal length and aperture of
the transducer are R=130mm and respectively d=140mm (f = 1.049 MHz). The MR sequence
generated an optical trigger at the end of the first lobe of the MEG. A home made optic-toTTL conversion & timer board provided the sonication window for the HIFU generator
(Image Guided Therapy, Pessac-Bordeaux, France). The HIFU burst duration was 5.5ms and
covered the full duration of the second lobe of the MEG. The acoustic power ranged from
200W to 260W (pre-calibrated by weight balance measurements). Coronal images
perpendicular to the HIFU beam were acquired on a 3T MR system (TIM Trio, Siemens AG,
Germany). Main imaging parameters were: voxel = 1x1x5.0mm, TR/TE/FA =50300ms/16ms/15ms, Partial Fourier = 6/8, echo spacing = 1.58ms, loop coil (11cm).
Interleaved alternating MEG polarity was used. We denote + and - the phase maps
obtained with respectively first lobe positive and first lobe negative MEG. Temperature
(MRT) and ARFI maps were obtained from two successive acquisitions by performing the
respective average and difference of the phase maps: For a rectangular encoding gradient (e.g.
the second MEG lobe), the maximum tissue displacement by radiation force can be calculated
where
and
∆T=( ++ -)/(2·α·γ·TE·B0)
[2,
3]
from
∆ y=( +- -)/(2· ·GMEG· )
/2 =42.58MHz/T, α=-0.009ppm/°C. To reduce eddy-current-induced phase shift artifacts,
different phase references were used for even and odd measurements (i.e. double reference).
Phase unwrapping, temporal subtraction of reference phase background (i.e. without HIFU
bursts) and computing of temperature elevation and tissue displacement at each pixel were
performed on-the-fly with on-site modified ThermoGuide software (Image Guided Therapy,
Pessac-Bordeaux, France).
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Results
The hybrid ARF-sensitive/PRFS temperature-sensitive sequence permitted to visualize
in near real-time the tissue displacement in focal plane and the local increase in temperature
with a temporal resolution ranging from 2.1s to 9.0s (depending on the TR) and precision of
0.25°C and respectively 0.7µm. The double baseline approach permitted to filter out the
flipping phase artifacts (Figure 4a vs. Figure 4b). Although the thermal buildup accumulation
was small for one measurement, significant temperature elevation was detected at the end of
each series of repeated ARFI measurements (expected situation for ARFI-based iterative
adjustment of HIFU phase law).
RF
Slice

Phase

Read

RF
Slice

Phase

Read
Figure 1. Sequence chronogram

Figure
2.
Slice
positioning and prescribed position of the
focus (axial/sagittal).

Figure 3. Simultaneous mapping of temperature elevation (UP) and tissue displacement
(DOWN). The frames are shown from left to right at the beginning of HIFU pulses
period, end of HIFU pulses period, and during post-sonication cooling period.
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High temporal resolution ARFI induces the risk of thermal lesions due to the fast repetition of
HIFU pulses. A higher EPI factor of the sequence diminishes by the same factor the heating
per image (lower number of HIFU pulses being generated while encoding one k-space) but
may increase the level of geometric distortion.

Figure 4. a. Phase of the MR image at the focus position as directly measured with time; b. The calculated
relative phase in the same pixel after double-reference filtering of eddy-currents flipping artifacts; c. Curve of
temperature elevation at focus; d. Curve of tissue displacement at focus. Note that curves c) and d) are both
obtained from curve b) with a temporal resolution twice slower.

Conclusion
Our displacement values in tissue are in agreement with previously published data
[1-3]. Using a partial Fourier GRE-EPI sequence, ARFI can localize in seconds HIFU focal
spots with sufficient CNR (>20 at focus). The balance between ARFI contrast and energy
deposition depends on the number of MR excitation RF pulses (equal to the number of HIFU
bursts per image since HIFU burst is triggered by the MR sequence). Thermal build up
accumulation must be systematically monitored during repeated measurements of ARF.
Thermal monitoring simultaneous to ARFI is a valuable safely tool.
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Objective
Medical navigation is the process of locating and controlling the movement of
instruments and devices outside and inside the patient. For image-guided procedures, in
particular percutaneous ones, navigation systems can contribute substantially to proper
trajectory planning, safe instrument manipulation inside the body, and reaching the target
region. The majority of MR navigation techniques have been described for percutaneous
procedures with clinical applications in nearly all regions of the body [1]. Slightly different
techniques are explored in the emerging field of MR-guided endovascular interventions where
specific technical and safety issues need to be addressed [2]. The objective of this work is to
give an update on MRI-based navigation in different interventional settings and to briefly
discuss the advantages and limitations of some selected concepts.
Navigation Techniques for Open Scanners
Open MR scanners with both horizontal (C-shaped and dome designs) and vertical
gaps in the magnet (double-donut design) provide an excellent platform for MR-guided
interventions. While earlier, low to mid-field systems (<1.0 T) were sometimes limited in
terms of image quality and real-time imaging options, newer models provide adequate
performance for a variety of interventional purposes. Although some spatial restrictions still
remain, the gap provides more options to position and access the patient, and also to handle
instruments from the side or from above the patient.
Throughout the procedure, the patient can typically remain inside the magnet which
improves interventional workflow and also facilitates the mapping (co-registration) between
physical (instrument) coordinates at the patient and MRI coordinates (MR anatomy). A
further advantage for navigation is that the instrument can be imaged together with the patient
anatomy, which allows for an immediate, often continuous control of instrument and tip
positions (MR fluoroscopy). Some implementations rely on optical or gradient-based sensing
to track the instrument in (near) real time and then use the measured coordinates to
automatically define the plane geometry of the control scans. Such an interactive navigation
requires at least a real time pulse sequence, a proper interface to the tracking system, and an
in-room display device.
Navigation Techniques for Closed-Bore Scanners
Closed-bore cylindrical scanners, on the other hand, have clear advantages in terms of
image quality (field strength, field homogeneity, gradient performance), advanced imaging
options (functional techniques), and usability (availability, operating costs, choice of use for
interventional or diagnostic purposes) and continue to be used in various interventional
settings. Some of the scanners use table extensions or have been equipped with custom-made
tables that allow procedures to be performed just outside the bore or even outside the 5-Gauss
line where more conventional equipment can be used. Other procedures are performed in an
iterative manner at the back end of the scanner or with the patient moved out to the front and
involve a linear table motion only. Outside the bore, a computer-aided approach can be
deployed for navigation, for example, by using stereotactic markers for the co-registration of
the MR data and a stereoscopic camera for instrument tracking. Such navigation concepts
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typically require more technical efforts, lack real-time control of the procedure, and are prone
to errors caused by patient and organ motion.
More Recent Developments
With the introduction of a 125 cm long, 70 cm wide bore 1.5 T scanner in 2004, the
interventional spectrum was extended to procedures where the operator has sufficient space to
operate inside the scanner. Since then, other wide-bore models with high field strengths (1.5 T
and 3 T) and from different vendors have become available. For selected procedures, these
scanners combine the advantages of real-time image guidance (as in open scanners) with the
imaging performance of high field (closed-bore) scanners. In addition, these systems are open
to all the above mentioned navigation techniques for standard bore diameters (60 cm).
The most recent addition to the variety of MR scanners are two open high field
(1.0-1.2 T) models. The horizontal patient gap of the 1.0 T unit, for example, is 160 cm wide
and 45 cm high. Due to the combination of flexible patient access with high-field imaging
performance, these scanners are also attractive for interventional purposes. Corresponding
navigation systems are currently being developed, many of which can be directly derived
from existing solutions for earlier scanner models with that design.
The feasibility of more advanced navigation features such as multimodal overlays or
augmented reality displays has been demonstrated but such systems have not yet found their
way into clinical routine. There are also an increasing number of developments in the field of
robotic manipulators or actuators for interventional purposes.
Conclusion
Dedicated navigation techniques and devices can be very useful for the planning,
guidance, and control of interventional MRI procedures. Although the available techniques
are closely related to scanner geometry, the decision should also be based on the complexity
and type of intervention, clinical expertise of the interventionalist, and other site-specific
factors. Besides many innovative developments on the investigational level, a growing
number of commercial solutions have also become available. With further progress in
computer and imaging technology, there is great promise that navigation systems are going to
be more affordable, widely available, better integrated, and easier to use to ultimately improve
the efficacy and safety of selected MR-guided procedures.
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Introduction
In image-guided needle insertion, the location of the needle, surrounding anatomy, and
target must be determined in real time with sufficient resolution and contrast. Many
techniques have been developed which track the location of an interventional device attached
to the needle and update imaging planes to follow the device. However, any flexing of the
needle will cause misregistration of the device and the needle tip. A largely unexplored
alternative to these techniques is to allow the interventionalist to control the slice position
independent of the needle position. This control can be realized by manipulating a simple
handheld device with active tracking markers. Using these markers, the location and
orientation of a hand-held device can be determined in real-time and used to prescribe scan
plane locations. Combining this device with the previously developed wireless MRI receiver
technology [1] allows the system to perform seamlessly in the already crowded magnet bore.
This work presents preliminary results of a real-time slice positioning algorithm using a
handheld wireless tracking device.
Figure 1.
a: The tracking device selects three
image planes demonstrating both translational and
rotational orientation shifting. b: Picture of the wired
version of the tracking device. c-e: Acquired GRE
images show both signal from the hand holding the
device and the tracking device markers, which
demonstrates agreement between the device orientation
and scan plane.
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Figure 2.
Tracking
projection
Fourier
transform and magnitude reconstruction of a single
tracking device channel collected wirelessly. The
maximum intensity clearly defines the fiducial
coordinate. The remaining two orthogonal projections
would completely locate the fiducial spatially.
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Theory
To achieve slice position updates, the location and orientation of the wireless device
must be determined in real-time. Previous work in interventional MRI has shown that the
position of active devices (e.g. microcoils) can be determined in real-time with the collection
of several projections with varying orientations and maximum magnitude reconstruction [2].
Three active markers are required to define the plane with respect to the device. If each
marker is connected to its own receiver channel, sufficient information to accurately localize
all markers can be collected in only three orthogonal projections while maintaining a
computationally simple reconstruction.
Methods
All experiments were performed on a Siemens Espree 1.5T short and wide bore system.
Wireless Tracking Device - Each active tracking marker is a Vitamin E fiducial placed
inside a multi-turn butterfly coil. The coils were tuned, matched, and amplified with low noise
preamplifiers (Quality Electro-dynamics, Mayfield Heights, Ohio). A wired prototype version
of the three channel tracking device is shown in Fig. 1b. The signals from the three channels
are sent wirelessly simultaneously using amplitude modulation encoding and received outside
the magnet bore.
Slice Positioning Algorithm - The markers were imaged with a standard FLASH
sequence that was modified to collect three tracking projections prior to each slice acquisition.
The marker spatial coordinates were determined from the Fourier transformation and
maximum magnitude reconstruction, as shown in Fig. 2. The coordinates of all three markers
was fed back to the acquisition controller to update the slice position in real time.
Results and Discussion
The orthogonal tracking projection images were acquired with a large field of view 400mm
and base resolution 256. Acquiring three projections and calculating the active marker
locations took approximately 25ms. Using the device location and orientation as the slice
center and scan plane, a fast single shot GRE (128x128, TE=2.3ms, TR=4.9ms FA=30o) with
a field of view 300x300mm was acquired. Figure 1 shows several frames from a real-time
acquisition using the tracking device to define the scan plane. Signal from the phantom was
collected with a sixteen channel ventral cardiac array. To demonstrate agreement between the
device orientation and scan plane, signal from the tracking device was included in
reconstruction, which reveals all three fiducial markers in the imaging plane and hand
anatomy holding the device. While this example used the device location and orientation to
define a centered parallel scan plane, utilizing the spatial information is flexible and
customizable. Operation of the tracking device is limited inside the magnet bore homogenous
region so the projection acquisition encodes the fiducial location accurately. Future work will
incorporate a more robust wireless technology into the device.
Conclusion
Areal-time scan plane selection technique using a novel hand held tracking device is
presented. This allows a physician to easily and directly control the image plane in a needle
guidance procedure without interruption.
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Objective
Real time imaging has shown to have numerous uses in both the fields of interventional,
cardiovascular, and other specialty fields of MRI. The ability to change slice information on the
fly, whether it be image rotation, slice positioning,
geometrical transformations, etc are important for a
successful study. Furthermore, interventional procedures
often require integration of multiple pulse sequences with
varying image distortions and displays. An intuitive
method would greatly ease the workflow of these
procedures. This research presents a new paradigm for
interactions for interventional imaging and device control
using a multi-touch display to control real time MRI.
Multi-touch gestures inherently intuitive to MRI were
designed and tested in HIFU ablation real time software.

Figure 1. Image cutting. Searching
through the sequence using the scout
images on the left. The central image on
the right is updated in real time as the
touch points (green circles outlined in
yellow) move around.

Materials and Methods
Multi-touch MRI was incorporated into custom
applications based on the RTHawk real-time MRI
software engine (HeartVista, Inc., Los Altos, CA) [1].
A multi-touch driver was written for a M2256PW 22”
Multi-touch Display (3M Touch Systems, Methuen,
MA) to recognize single touch inputs as well as specific
touch gestures. The basic gesture engine determined
shifts, stretches, holds, and rotations for a various
number of points. A shift corresponds to touches
moving in the same direction while maintaining a fixed
distance from each other. A stretch corresponds to
touches getting closer to or further away from the center
of mass of all the points. A hold corresponded to points
being held over a specific position for a duration of time.
A rotation corresponded to either one or multiple touch
points revolving around a single touch point (an
anchored rotation).
Multi-touch was applied to various real time
MRI functions in the most intuitive ways possible.
Using a Signa Excite 3.0T Scanner (GE Healthcare,
Waukesha, WI), the driver was tested with a phantom
running a custom RTHawk application designed for
HIFU ablation. Multi-touch functions like image
cutting, image rotation, and paging through slices were
tested, along with general multi-touch and single touch
105

commands like scaling image boxes, moving them around. Multi-touch interactions are also
related to the application in HIFU ablation.
Results
Multiple multitouch algorithms were
tested in conjunction
with RTHawk on the
scanner.
Figure 1
shows image cutting
utilizing scout images
collected prior to the
real time sequence. As
the user moves his
fingers around the scout
images, the real time
image
continuously
changes its geometry.
This allows for the user
to
search
through Figure 2. Image registration. The touch points (green circles outlined in
yellow) are used to register features in two images to each other. In this case,
images in an extremely
rapid
and
flexible the images represent two respiratory phases of the liver. Also, the four points
fashion. In addition, (see arrow) in the right image represent HIFU target locations. Buttons along
the bottom of the image represent various touch enabled options for the user.
other multi-touch realtime image algorithms were developed, including paging through slices, in plane image
rotation, out of plane 90 degree rotations, image flipping, and adjusting the field of view. All
of these interactions were actually controlling the scanner and changing the pulse sequence
prescribed in the system, as opposed to merely changing the current image display. However,
image display GUI functionality like rotating, shifting, and scaling images on the screen were
also developed, as well as single touch inputs that would replace the standard mouse click.
In the context of guiding a HIFU ablation, multi-touch and touch in general enable
both simplified and enhanced functionality compared to a regular system. Figure 2
demonstrates how two images can be registered. Images represent two phases of a respiratory
cycle in an in vivo liver. The location of a touch in one image would correspond to the
location of a touch in the second image. While used here for registering images with changes
from respiratory motion, the same multi-touch registration technique could be used for
quickly registering two images from different sequences, for example.
Figure 2 also shows a region of interest where HIFU sonications would be performed.
A touch screen device allowed for quickly drawing the target locations and moving them to
the desired location on the screen. In HIFU, touches could be used for even more flexible
control of the ultrasound energy, possibly being used by a user to control in real time the
ultrasound beam location. While targeting with one touch, a second touch input could
modulate the power, for instance.
Conclusion
We have demonstrated our initial work in creating a multi-touch system capable of
real-time control of our MRI scanner. Multi-touch will allow greater flexibility in real time
control of both MRI and interventional devices, particularly HIFU, creating new ways to
interact and new applications for both.
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Objective
MR fluoroscopy permits to directly guide percutaneous interventions inside the bore,
predominantly in wide-bore [1] and open bore scanners [2]. Usually, slice position and
orientation are adjusted manually when the instrument is moved out of the scan plane [2]. If
orientation and position of the instrument are continuously determined, this information can
be used to automatically position the slice along the instrument. This essentially requires a
tracking system and a real-time pulse sequence with an (external) update mechanism for the
slice geometry. In comparison with previously implemented systems [3, 4], we present a
passive optical tracking concept with a special referencing scheme that permits to flexibly
adjust the camera position (even during scanning) to establish proper line-of-sight for
instrument tracking.
Materials and Methods
Near real-time MR tracking was based on a vendor-provided (Siemens, Erlangen,
Germany) pulse sequence with real-time control of various scan parameters (BEAT IRTTT,
FOV= 300×300 mm, TR/TE=4.3/1.9 ms, slice thickness 8 mm, acquisition time 600 ms).
Automatic scan plane control of the tracked instrument (here: 16G, 115 mm coaxial needle,
Invivo Germany GmbH, Schwerin) was realized on an external navigation PC (Localite
GmbH, St. Augustin, Germany). The implemented optical tracking technique and the special

Figure 1.
a (left): The operator is sitting at the back end with his arm reaching into the scanner. Near
real-time MR images defined by the tracked geometry of the instrument are displayed on the MR room console.
b (right): The instrument is equipped with an optical tracker with three reflective spheres. A stereoscopic
infrared camera (Polaris Spectra, NDI, Waterloo, CA) continuously (five times per second) measured the
coordinates of the instrument tracker with respect to a second set of spheres on a fixed reference board. Proper
registration of the board position to the (anatomical) MR coordinate system was established by a one-time, fast
(< 30 s), and automatic localization of three board-attached MR markers [5]. The camera was mounted on an
MR-compatible roll-away stand and facing into the scanner from the front end (behind this viewpoint). Its
position could be flexibly adjusted to establish proper line of sight with the optical spheres.
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referencing scheme are illustrated in Figure 1b. The navigation PC continuously computed the
geometry (in MR coordinates) of an image plane that contained the instrument axis. These
coordinates were sent every 600 ms to the pulse sequence running on the MR host via a
vendor-provided socket interface (Siemens). The real-time images were then displayed on the
MR-room console (Fig. 1a).
In a test implementation, all measurements were performed from the back end (Fig. 1a) of a
conventional 1.5T scanner (Siemens Symphony). Proof of concept was demonstrated by
approaching MR-visible targets (peas, average diameter 8.5 mm) immersed inside a phantom
container (diameter 20 cm) filled (up to ≈10 cm) with opaque glaze.
Results
For our test case on a closed-bore scanner, access and monitoring from the back end of
the scanner did not interfere with instrument tracking from the front end. Line-of-sight
problems could be avoided by adjusting the camera position. Needle orientation, insertion,
and approach were performed inside the scanner under near real-time imaging control using
one update every 600 ms. The approach to some targets was complicated by having to avoid
the puncture of one of the model vessels. For image guidance, the operator could choose
between three different planes (in-plane 0°, in-plane 90°, perpendicular) or an arbitrary
alternation between two of them. The approach to one of the targets is shown in Figure 2.

Figure 2.
Representative time series of near real-time images obtained during target approach. The peas
impose as hypointense round objects. On each of the images, the artifact of the coaxial needle is clearly seen
with respect to the surrounding “anatomy” along the path, in particular, the model vessels (static hypointense
object). Image acquisition time was 600 ms.

Conclusion
The concept of optical instrument tracking inside the bore has been described and used
before, often in low or mid-field open scanners of both geometries. The use of cordless
markers and the introduction of a specific reference set, as described here, seem to
considerably add to the flexibility of such a technique. The user is not limited by the specific
design of the scanner to integrate a fixed camera, by having to maintain a standard
(calibrated) position of an externally placed camera, nor by potential line-of-sight problems
occurring for a specific procedure or patient. The successful test of an optical MR tracking on
a relatively long and standard 60 cm bore scanner suggests that the presented technique holds
great promise for potential implementations in wide and open bore scanners, which are more
likely to be used for real applications.
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Objective
MRI is non-ionizing and increasingly being adapted for interventions for its exquisite
soft-tissue contrast and inherently 3D acquisition capabilities. With availability of compact
length, wide bore 1.5T MRI scanners, potential for high spatiotemporal resolution image
guidance can be realized for effective real-time guidance [1]. The purpose of this work was to
evaluate an investigational pulse sequence designed to facilitate real-time multiplanar MRI
guidance of interventions prospectively in patients (n=12).
Materials and Methods
Procedures were performed in a short bore (120 cm) 1.5T clinical MRI scanner
(Magnetom Espree, Siemens Healthcare, Erlangen, Germany) with a wide aperture (70 cm)
for increased patient access during imaging. Signal reception was achieved using a receive
only single loop surface coil or body matrix array atop the site of interest in conjunction with
the TIM (Total Imaging Matrix) spine array from underneath. A table side, in-room monitor
(MRC) was used for real-time visualization of procedure progress from either side of the bore
or patient table and communication between technologist and radiologist was facilitated using
an MR compatible communication system with digital noise reduction (IMROC,
OptoAcoustics).
A single-shot, multiplanar balanced steady-state free precession (bSSFP) acquisition
was adapted for real-time interventions (Pan Li, PhD). bSSFP provides rapid, T2-like
weighting useful for lesion targeting and needle visualization. While specific parameters
varied slightly between patients due to differing FOV, sequence parameters were set to
sequentially acquire 3 parallel planes (880 ms per image). Scan prescription (e.g., location
and orientation) could be dynamically adjusted by the technologist. The 3 planes were
displayed in a mosaic on a cross-table monitor in the suite. Communication with the
technologist for real-time scan plane manipulation was via an optical communication system.
Lesion contrast and artifacts were measured and compared with/without fat suppression
versus our standard intermittently applied bSSFP intraprocedural imaging protocol.
Results
Successful real-time guidance (Fig 1) was achieved in kidney (2), liver (1), bone (2),
and MSK (6) targets and failure in a liver (1) where banding artifact obscured the lesion and
HASTE was used. Lesion contrast remained the same, or decreased slightly, due to saturation
effects. SNR was reduced by 30%-40%. Fat suppression was effective, but also introduced
artifacts into images. Mean skin-to-lesion distance was 71+27 mm (range 30-108 mm) and
mean puncture-to-target time was 50+19 sec (range 15-80 sec), yielding an average rate of
7+3 sec/cm (3-14 sec/cm).
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Table 1 Puncture-to-target time (PTT), skin-to-lesion distance (SLD) & time per distance (PTT/SLD in sec/cm).
Patient
PTT
SLD
TPD
(#)
(sec)
(mm)
(sec/cm) Location
Comment
1
61
75.6
8.1
kidney
biopsy confirmed renal cell carcinoma
2
67
106.3
6.3
liver
marker placement
3
33
107.8
3.1
paraspinal
biopsy confirmed lymphoma
4
liver
HASTE used (for contrast)
5
15
30.1
5.0
extremity
biopsy confirmed lymphoma
6
52
93.3
5.6
pelvic mass biopsy confirmed myxoid
7
80
58.2
13.7
pelvic bone
biopsy confirmed sclerotic tissue
8
55
94.6
5.8
kidney
biopsy confirmed renal cell carcinoma
9
40
49
8.2
pelvic bone
biopsy confirmed blood clot
10
53
64.2
8.3
pelvic mass biopsy confirmed carcinoma
11
30
34.4
8.7
extremity
biopsy confirmed spindle cell
12
61
74.3
8.2
pelvic mass biopsy confirmed leiomyosarcoma

Puncture-Target Time per Skin-Lesion
Distance (sec/cm)

Figure 1. Real-time multi-planar placement of a radio-opaque marker in liver using multiplanar bSSFP
sequence.
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Figure 2. Plot of SLD versus TPD
with the mean (solid line) and 95%
confidence level (dashed lines)
displayed (n=11). All points are
within the confidence interval with
the exception of Patient 7 which was a
pelvic bone lesion amenable to a
simple axial approach where “realtime targeting” stopped at the surface
of entry.

Conclusion
At 1.5T, the spatiotemporal resolution and contrast afforded by bSSFP facilitates realtime biopsy procedure guidance without contrast agent. Tradeoffs in contrast, SNR and
artifacts may be limiting in some studies and an alternative sequence used. This prospective,
preliminary study illustrates both the clinical potential and the technical challenges associated
with performance of real-time guidance of biopsy procedures in the MRI environment.
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Introduction
Although many medical imaging techniques have reached a high level of
sophistication, the histological differentiation of a pathological lesion remains the cornerstone
for therapeutic measures. The required biopsy is often performed under image guidance rather
than in an open surgical approach. Ultrasound and computed tomography imaging are by far
the most common modalities to control such a procedure. While MRI is primarily known as a
diagnostic tool in clinical practice, it is also increasingly used to guide biopsies and other
procedures. Excellent soft tissue contrast, multiplanar imaging capabilities, prolonged tissue
enhancement after contrast administration, and the absence of ionizing radiation are clear
advantages over the established techniques [1]. Therefore, many institutions choose MRI to
guide their biopsies in a growing number of cases despite an increased technical effort.
Material and Methods
MR-guided biopsies are indicated whenever the suspicious lesion can not be well
depicted by other modalities. Major application regions include the breast, liver, brain, and
prostate. More refined techniques, however, are expected to expand the spectrum of
indications to other body regions as well. The decision for an MR-guided biopsy is also made
to avoid exposure to ionizing radiation, often of the patient, in particular of children, but also
of the interventionalist.
Various medical suppliers offer a range of MR-compatible biopsy instruments for soft
tissues and bony structures. Special receive coils with apertures large enough for a good
percutaneous access are also available. Initially, an iterative biopsy approach had to be used in
closed-bore MR scanners. This involved needle positioning outside the magnet, patient
transfer into the scanner for control imaging, and needle repositioning outside the magnet
until the target was reached. The clinical performance of this technique is relatively poor. In
contrast, more open scanners provide continuous scan options during needle manipulation and
have the advantage to inherently compensate for patient motion. With the assistance of
robotic manipulators or dedicated navigation systems for conventional closed-bore scanners,
however, biopsies can also be accomplished in environments with limited patient access
inside the bore.
It is generally beneficial to place the patient in a comfortable and stable position and
optionally use a vacuum mattress for immobilization. In organs affected by respiratory motion
such as the liver, special breath-hold trainings may be performed to achieve a respiration level
as consistent as possible [2].
MR-guided Biopsies in Leipzig
Open MR-guided biopsies in the brain, breast, bones, soft tissues, and liver started
with the installation of the double-donut Signa SP/i (General Electric) scanner in 1997. This
type of mid-field (0.5 T) scanner was inherently equipped with an optical 3D digitizer and
allowed continuous control imaging with an automatic, but slightly delayed slice tracking. In
2000, a dedicated navigation system (Localite iMRI Navigator) was added, which resulted in
images of better quality and at higher frame rates (four frames per second) than the built-in
solution [3]. This also provided excellent eye-hand coordination for the biopsies. The built-in
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solution was then used to verify the actual needle position. In 2006, a commercial MRcompatible robotic system was installed in a conventional high-field (1.5 T) scanner
environment. Initial clinical experience with such a device was gained from a variety of robotassisted biopsies in bone, soft tissues, and the liver [4]. During that time, the Localite system
had been adapted to a closed-bore scanner environment, which primarily required an
automatic referencing system for MR table positions outside the bore. This implementation
allows intuitive instrument navigation with the patient outside the bore and has also been
optimized with respect to interventional workflow [5]. Up to now, about 50 liver, 30 other
soft tissue, and 20 bone biopsies have been performed. The limited space inside the bore has
also driven the development of an MR-compatible instrument guidance module in
collaboration with Invivo Germany. The module allows a flexible alignment of the biopsy
trajectory and safe control imaging after proper fixation of the device. In moving organs, for
example the liver, the ball element holding the instrument can be loosened to allow for a
moderate respiratory excursion. Currently, the navigation system is also adapted to a 3T
scanner environment (Siemens Tim Trio). Preliminary clinical results were obtained for
prostate biopsies and involved a commercial biopsy device. The procedures will eventually be
guided by multiparametric diagnostic data properly registered to the interventional situation.
Conclusion
MR-guided biopsies have substantially expanded the range of options for minimally
invasive tissue sampling. With the use of different scanner designs, these techniques have
become a part of the clinical routine for nearly all regions of the body. High-field scanners
provide diagnostic image quality during instrument guidance. With the use of special
techniques, selected biopsies may also be performed in conventional closed-bore scanners.
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Objective
MR imaging, combining an excellent soft tissue contrast without radiation and an
arbitrary slice selection, must be considered as an attractive method for fluoroscopic guided
liver biopsies. So far most procedures were performed in closed bore systems with timeconsuming and cumbersome procedures because of the restricted access to the patient or in
low field open systems with less image quality and decreased signal to noise [1-3]. With the
advent of high field open-configurated magnets, the attention is drawn back to MR guided
interventional techniques. The purpose of this study was to assess the feasibility of liver
biopsies using the free hand technique with real time MR fluoroscopy in a new type of MR.
Materials and Methods
Patients with focal liver lesions in the hepatic dome or lesions only visible on MRI
were included in the study. MR guidance and monitoring was performed using a 1.0T
imaging system (Panorama, Philips Healthcare) and a ring-shaped 21-cm-diameter surface
loop receive-only coil placed in the region of the liver. Patients received 0,1 ml per KG/BW
of a solution of Gd-EOB-DTPA (Primovist, Bayer Schering) 20 minutes prior to the
intervention. The skin entry site was defined with finger pointing using an interactive
software with fast dynamic imaging with a T1-contrast enhanced GRE-sequence (TR/TE of
11/6 msec, Flip of 35°). An 18-gauge MR-compatible biopsy needle was placed stepwise with
continuous image update with a frame rate of 1 sec in plane with the needle path alternating
between the axial and perpendicular paracoronal plane, thus displaying possible deviations of
the needle trajectory in transversal and craniocaudal orientation. After final positioning of the
needle the correct placement was documented with a T1w 3D high resolution isotropic
volume examination (THRIVE; TR/TE of 5.4/2.6 msec, Flip of 12°) perpendicular to the
needle pathway. Breath hold T2w TSE sequences (TR/TE 1600/110 msec) in transversal
orientation were added in addition to rule out post- interventional hematoma.
Results
In total 50 patients were biopsied. On average the lesion size was 18mm (7-34mm).
All lesions were visible on MR fluoroscopic images and sharply delineated to the surrounding
liver parenchyma. In all patients the biopsy was technically successful and solid specimens
were obtained. 93% showed a histopathologic pattern other than native liver tissue confirming
the correct position of the needle. Time between determination of the lesion and the control
scan was on average 18min (10-30min). As the intervention was performed constantly from
the side with a lateral approach perpendicular to the vertical magnetic field the artefact size
was relatively constant and ranged between 3 to 5mm in the control imaging.
Postinterventional subcapsular hematoma were seen in almost half of the patients with an
average maximum in diameter of 4,5mm (2-14mm). No major complications were recorded.
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Conclusion
In conclusion, the new system offers an excellent opportunity for biopsies. T1w GRE
imaging was suited best for MR-guidance of biopsies in the liver. All lesions could be
delineated in excellent quality. A frame rate of 1 second offered sufficient time resolution for
fluoroscopy purposes in order to follow the progressive motion of the needle. The technique
requires only the basic interventional package and uses a skill set that is already familiar to
radiologists who regularly perform percutaneous procedures.
a

c

e

b

d

f

Figure 1.
Biopsy of the liver using the interactive modus. Image planes could be adjusted in order to
image the entrance point and the lesion in one plane. Perpendicular to the determined slice a second plane
was adjusted in order to follow the pathway in two perspectives. For switching between orthogonal planes a
foot pedal (Herga Electric) could be used. Images were acquired with a continuous mode providing
approximately1 repetition per second. Finger pointing to determine the entrance point in transversal (a) and
coronar (b) orientation. Puncture of the lesion in corresponding slice orientation (c/d). Control of intralesional
position with THRIVE (e) and of postinterventional hematoma with fs T2TSE in transversal orientation (f).
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Objective
Management of osteochodritis dissecans (OCD) of the knee and other anatomical
locations is controversial. Conservative treatment is preferred but operative management is
needed should the conservative treatment fail. Literature lists that 30% to 50% of the stable
OCD lesions fail to progress toward healing [1-3]. OCD lesions can be treated with intra- or
extra-articular drilling, mosaicplasty, fixation, autologous chondrocyte transplantation (ACT)
or debridement [1,4]. Recently, less invasive extra-articular drilling techniques: arthroscopic,
C-arm fluoroscopy, have been presented in the clinical setting. Also a recent cadaver study
has demonstrated initial feasibility of MRI to guide OCD drilling [5]. The goal of our study
was to evaluate the clinical feasibility and preliminary results of cartilage preserving MRguided percutaneous retrograde drilling of the OCD lesions of the knee.
Materials and Methods
12 OCD lesions of the knee, unresponsive to conservative management, were treated
with MRI-guided percutaneous retrograde drilling to reduce symptoms and promote
ossification of the lesion. Only stable OCD lesions were included (pre-procedural MRI grade
I or II). Six lesions were of juvenile type and six lesions were of adult type OCD. All the
patients had severe limitation of activity due to the OCD related pain or mobility related
discomfort. All patients were initially scheduled for arthroscopic drilling. The OCD lesions
were diagnosed and the stability of the lesions was determined with 1.5 Tesla (T) high field
MRI (Fig. 1)
By using 0.23 T open MRI scanner (Panorama 0,23 T I/T, Philips Medical Systems,
Vantaa, Finland) and spinal anesthesia, percutaneous retrograde drilling of the OCD lesions
was performed (3 mm cylindrical drill, 1-3 channels) (Fig. 2). Optical tracking and MRI
imaging was used to guide instruments during the procedure. Follow up imaging and clinical
inspection was scheduled to take place within 6 months from the procedure to evaluate initial
response to the treatment and to assess possible adverse events, such as iatrogenic
cartilaginous damage (Fig. 1). All but one the patients had a post-procedural follow up MRI
within a year. Postprocedural clinical follow up time ranged from 6 months to 6 years (mean
2.6 years). Hughston scoring scale was used to determine treatments effect in patient returning
to normal activity. Assesment of pre-procedural and procedural visual analog score (VAS) for
pain evaluation was performed.
Results
All the OCD lesions were located and drilled using the 0.23 T open MRI scanner
without procedural complications. All the patients experienced pain relief, mean visual analog
score (VAS) declined from 6 to 3. Follow up MRI showed ossification in 11 lesions. Nine
patients could return to normal physical activity with none or minor effect on function
(Hughston score 3-4). Treatment failed in three cases where the continuation of symptoms
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(Juvenile OCD) or development of loose OCD (Adult OCD) lead to arthroscopic
transchondral fixation.
Conclusion
MR-guided retrograde OCD lesion drilling is accurate, feasible and effective cartilage
sparing techique in OCD management.

Figure 1a.
Pre-procedural MRI, .5 T
(GE, Signa Twinspeed, TE 44, TR 2480,
3.5/3.5 mm, 22 slices)

Figure 2a.
Operative
MRI
(TrueFISP,TE 4.2, TR 9, 10 mm, 1 slice, Aq. time
2 s)

Figure 1b.
Follow-up MRI at 6 months. 1.5 T (GE,
Signa Twinspeed, TE 35.8, TR 2400, 3.5/3.5 mm, 22
slices)

Figure 2b.
Operative MRI with trocar in the lesion
(True-FISP,TE 4.2, TR 9, 10 mm, 1 slice, Aq. time 2 s)
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Objective
Percutaneous diagnostic and therapeutic procedures under MRI guidance are emerging
as alternatives to ultrasound, CT and X-ray fluoroscopy. The unique advantages of MRI
include excellent soft tissue contrast, functional as well as structural information, flexible
image plane control and lack of ionizing radiation exposure to patient and personnel.
Although there is a huge interest in using these advantages for routine cases, there is some
resistance in the medical community due to difficulties with access, devices and workflow.
The purpose of our present work was to evaluate the feasibility and accuracy of an interactive
gradient based tracking device for real time MR guided needle puncture ex vivo in a phantom
and in vivo to precisely target focal regions of interests in a pig.
Materials and Methods
All experiments were performed in a 1.5 Tesla closed bore magnet system (Magnetom
Espree, Siemens Healthcare, Erlangen, Germany). For the ex vivo accuracy evaluation a
candle gel phantom was used. To simulate 3D lesions 15 plastic rings (14 mm inner diameter,
2 mm height) were embedded in the gel at different spatial locations and levels. 15 real time
MR-guided punctures were interactively navigated (EndoScout) to the center of the rings
using a 20cm long 12.5-G MR-compatible carbon fiber needle (custom made prototype)
(Fig.1).
A porcine model, approved by the Institutional Animal Care and Use Committee, was
selected for the in vivo evaluation targeting the shoulder joint, cervical neuroforamina and the
kidney using a 20cm long 20-G MR-compatible needle (MReye Chiba Biopsy Needle, Cook
Incorporated, Bloomington, IN) (Fig.2). The interactive navigation system (EndoScout®, Robin
Medical, Inc. Baltimore, MD) operates with an MR gradient field detecting a sensor that
determines the location and orientation of an applicator within the magnet. The sensor with
orthogonal micro-coils is integrated in a hand held device, which is attached to the needle.
For guiding the needle in real time MR combined with the EndoScout navigation
system, axial, coronal and sagittal reference images with the planned target and needle path
are acquired and registered as roadmap images. During the scan, a graphic overlay from the
EndoScout system is superimposed on the MR scanner user interface for each orientation.
Based on the position and orientation of the sensor within the magnet the needle puncture path
is displayed as a thin line on top of the roadmap MR images. In addition, real time images
along the planned needle path are displayed (without tracking annotation) on the in-room
monitor providing interactive navigation.
To calculate the overall error (Euclidian distance) as well as the system error, MR
control scans were performed in axial, coronal and sagittal orientation determining the final
needle position. The distance of the needle tip/marker to the ring center/ target was measured
118

for calculation of the overall error. To calculate the system error, the actual needle position
was compared to the trajectory determined by the navigation system.
Results
In the phantom study, the radiologists successfully placed the tip of the needle inside
the targets in all fifteen 14-mm diameter rings. The mean 3D total error (distance from the
center of the plastic ring (target) to the position of the needle) was 4.9 ±2.8mm. The
placement error in x, y and z directions (relative to the target) were -1.6, 0.2 and 1.7 mm. The
system error (deviation of the real needle from the overlay calculated by the navigation
system) was 1.95±1.2 mm.
In the porcine model, the needle was successfully advanced into all three targets in
vivo. The overlay of the needle trajectory on the baseline MR images provided abundant
information to find the target and to determine the entry plane, leading to a straight forward
puncture whether requiring single or double angulations of the puncture path. The real-time
MR imaging feedback in a separate window provided important information to confirm the
position as well as depth information as the needle was advanced towards the target.

*

Figure 1.
Screenshot of the MR in-room
monitor during a phantom experiment. The top 3
windows show the overlay of the navigation system
(green/yellow overlay) with pre-acquired MR images
in axial, coronal and sagittal orientation. On the lower
right side (star) the real time MR images are
displayed.

Figure 2. In the animal procedure, needle trajectory
overlay provided abundant information to find the
target and to determine the entry plane, leading to a
straight forward puncture of the kidney. The real-time
MR imaging feedback in a separate window (star)
provides depth information as the needle is advanced
and confirmes the actual needle position.

Conclusion
Real time MR image guidance of percutaneous punctures with integration of the
EndoScout interactive navigation system is feasible. Precise targeting of focal regions of
interests was achieved. The system provided intuitive selection of the entry point and
facilitated percutaneous interventions in a wide bore MR images with high technical
accuracies. Our results on accuracy, both in phantoms and animal suggest safe use in the
clinical realm. We expect it to be beneficial for cases that require MR imaging to visualize the
target and for complex procedures that require oblique puncture trajectories or positioning of
multiple probes.
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Purpose
MRI is of great clinical utility for the guidance of various diagnostic and therapeutic
procedures [1]. For these special purposes, high-field open-bore and to some extent short
wide-bore scanners allow a direct manipulation inside the bore and provide interactive
instrument guidance based on real-time MR imaging. Closed-bore scanners, in comparison,
are widely available, less costly, and represent the de-facto standard platform for state-of-theart diagnostic scanning. We have therefore developed an add-on solution for closed-bore
systems where instrument navigation and manipulation occur outside the bore and the patient
needs to be transferred into the magnet for reference and control imaging only. The purpose
was to evaluate diagnostic accuracy, usability, and workflow of such an approach on a total of
150 simulated biopsies.
Materials and Methods
Fifteen operators with different experience (attending radiologists AR, radiology
residents RR, and medical students MS) performed 10 prospective, standardized biopsies each
in a soft tissue phantom. Ten peas (diameter 7.0-9.5 mm, mean 8.5±0.5 mm, determined on
100 samples) were used as targets and immersed at different depths inside a cylindrical
container (diameter 20 cm) filled with opaque glaze (Fig. 1). Image guidance was provided by
a real-time navigation solution that has been previously described [2]. In short, the system
(Fig. 2) automatically displays the virtual needle path into the patient on properly reformatted
MR images inside the scanner room. After image-guided placement of the coax needle (16G,
115 mm), samples were directly taken with a fully automatic biopsy gun (Double-Shoot
BiopsyGun, 18G, 150 mm, both Invivo Germany, Schwerin). A T1-weighted fast volume
interpolated breath-hold examination (VIBE) sequence (TR/TE=3.8/1.7 ms, slice thickness
2.0 mm, matrix 256×167, pixel spacing 0.41 mm, acquisition time 22 s) was used as control
scan. The biopsy was counted as a diagnostic success if the taken sample clearly contained
green material from the pea.
For each simulated biopsy, we recorded entry definition, alignment, targeting,
puncture, and control times. Each operator was also asked to rate 13 items related to the
usability and workflow of the system on a Likert scale from strong (5) to basic (4) agreement
via indifference (3) to basic (2) and strong (1) disagreement. The times and ratings were
analyzed with a one-way ANOVA with factor experience and an independent samples t-test,
respectively. No statistical test was performed to compare the success rates between groups
because the sample size was too small.
Results and Discussion
The average diagnostic success rates were 94% (AR: 9-10 hits), 88% (RR: 7-10 hits),
80% (MS: 6-10 hits), and 87% (all). The average biopsy times in minutes were 4:12 (AR),
4:38 (RR), 5:13 (MS), and 4:41 (all) with significant differences between radiologists and
medical students (AR-MS p<0.001, RR-MS p<0.05) but not between AR and RR (p=0.06).
The order of these results happen to line up with the operator's experience although
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significance could only be demonstrated for the biopsy times of the radiologists. The average
Likert scores over all items were 4.4 (AR), 4.0 (RR), 4.4 (MS), and 4.3 (all) with a
significantly (p<0.05) better agreement by both AR and MS.
The majority (10/13) of average item scores showed normal to strong agreement (4.04.9), in particular, whether the operators would use the system again (4.8), felt that the
outcome justifies the extra effort (4.3), and trusted the system (4.2). While average scores
were only slightly lower with respect to whether the system was self-explanatory (3.7) and
regarding the handling of the guiding device (3.6, lowest score by RR), operators were
indifferent about the system's stability against external perturbations (2.9, lowest score by
MS).

Fig. 1. Standardized distribution of 10 targets at depths 19 (#1), 41 (#2-4), 59 (#5-7), and 76 mm (#8-10)
(left) and embedded vessel model (right)

Fig. 2. Left: Experimental setup on MR table showing phantom, reference board, imaging coil, and coaxial
needle (equipped with tracking spheres) inserted into the front-end module (guiding device). Right:
Screenshot of navigation scene during approach of target #7 (pea, hyperintense). The virtual position of the
instrument is displayed on three views (top-left: in-plane 0°, top-right: in-plane 90°, bottom-left:
perpendicular, bottom-right: 3D volume rendering). Model vessels impose as signal voids.

Given that clinical cases would be performed by attending physicians, the observed
success rate (47 of 50) and biopsy time (4:12) suggest that an "in-and-out" approach does not
necessarily compromise diagnostic accuracy or clinical workflow. The success rates reported
here correspond to a one-step biopsy solely guided by the navigation system. Clinically,
proper needle positioning will be verified by at least one control scan. The latter will also
allow detection of potential errors introduced by shifts of the anatomy, the whole patient, or
the reference board. While these shifts are limitations of any stereotactic system, our approach
permits to directly correct for them. It should also be stressed, that the reported biopsy times
already include the time for table movements and one control scan.
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Conclusion
For an in-vitro setting, this study demonstrated good diagnostic accuracy, usability,
and workflow of an "in-and-out" navigation solution for closed-bore scanners. Taking some
precautions, we believe that this approach provides a feasible alternative for selected MRIguided procedures. While the clinical performance can only be assessed on real patients, this
study provides valuable results on a relatively large number of biopsies and under wellcontrolled conditions.
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Objective
To present a new device (Figure 1, patent pending) comprised of a hub less stylet and
a dilator that increases efficiency of the current Invivo bone biopsy needle.
Materials and Methods
22 patients (M:10, F:12) underwent MR guided bone biopsies under moderate sedation
using intravenous fentanyl and midazolam. Each target (size: 0.8-4 cm, mean: 1.9 cm,
median: 1.5 cm) was first accessed with an 18 gauge needle (distance from skin: 3-10.5 cm,
mean: 6.4 cm, median: 6.1 cm). Target lesions included pelvic bones (n=11), femur (n=6),
scapula (n=3) and humerus (n=2). Local anesthesia was given at periosteum through the 18
gauge needle. Using the new device added to the 3 mm Invivo bone biopsy needle the access
to target lesion was maintained while the 18 gauge needle was exchanged with the Invivo
needle. Core biopsy specimens (1-12, mean: 2.7, median: 2) were obtained. Total procedure
time ranged from 45 to 140 minutes (mean: 78.4, median: 75).

Figure 1.
The
dilator and hub less stylet
are shown separately (left)
and assembled on a 3mm
Invivo needle (right).

Figure 2.
A 35 year-old patient with history of giant cell tumor of
right pelvis status post resection. A 1cm enhancing nodule at the posterior
medial acetabulum is concerning for recurrence (arrow, left). Using the new
device the desirable 18 gauge needle access to the lesion (middle) was
maintained while placing the 3 mm Invivo needle. Biopsy revealed new
reactive bone. Follow up MRI (right) one year after biopsy shows no
growth.
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Results
No immediate or delayed complications related to needle biopsy in any of the 22
patients (figure 2). Final surgical pathology result was diagnostic in 20/22 patients (benign: 8,
malignant: 12). Two patients in the diagnostic group underwent surgical resection where the
final surgical excisional histopathology was concordant with needle biopsy results. One
patient with non diagnostic specimen underwent surgical biopsy which revealed focal
marrow fibrosis. The other patient with non diagnostic needle biopsy is being followed with
cross sectional imaging for more than one year and the lesion has been stable. All patients
tolerated the procedure well. in part due to administration of local anesthesia at the site of
cortical transgression.
Conclusion
The new device enables the operator to access bone lesions with a much smaller
needle with less risk of focal complications. The smaller needle also provides precise access
to the overlying periosteum for administration of local anesthesia which improves patient
comfort during a bone biopsy.
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Robotics in MRI-guided therapy
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Objective
The objective of this paper is to review the history, status, including what is state-ofthe-art, and predicted future direction of robotics research in MRI-guided therapy.
Introduction
Robot is a useful tool in MRI-guided therapy in terms of their capacity to aid in
precision targeting or to act as a high-dexterity surgical tool to improve or even enable new
MRI-guided therapy options. This paper reviews the technical aspects of MRI-compatible
robots and discusses possible future contributions of robotics to MRI-guided therapy. Our
definition of robots in this paper is: a device placed in a bore, and equipped with actuators and
sensors that exhibits intelligent behavior using intraoperative MRI images. In this review, we
mostly reference literature with documented clinical feasibility studies or near clinical studies.
We will not discuss MRI-compatible robots for purposes other than for therapy, such as those
used in rehabilitation; however these robots do represent possible engineering solutions for
the challenge of ensuring MRI compatibility. Further suggested articles can be found in recent
special issues of engineering journals [IEEE-ASME Transactions on Mechatronics, 13, 3,
2008] and [IEEE Engineering in Medicine and Biology Magazine, 27, 8, 2008] (1).
History and current state-of-the-art
MRI-compatible robotics research started by modifying a motorized stereotactic frame
in neurosurgery to be MRI compatible (2). Specifically, Masamune et al and his colleagues at
the University of Tokyo used, as opposed to steel and electromagnetic motors, acrylic plastic
for the frame and ultrasonic motors as the actuators. The research on MRI-guided robotics
continued to evolve to include other stereotactic devices such as one by Chinzei in
collaboration with researchers at Brigham and Women’s Hospital for a 0.5T open
configuration scanner and prostate intervention (3), and one by Kaiser et al for a closed bore
scanner for breast intervention (4). According to the definition by Taylor and Stoianovici,
medical robots in general are classified as surgical CAD/CAM robots as opposed to being
called “surgical assistant systems.” Unlike surgical assistant systems like the da Vinci master
slave robot (Intuitive Surgical, Sunnyvale, CA), the primary advantage of the surgical
CAD/CAM robot is the high precision guidance of surgical tools, such as biopsy needles.
Through the robot, physicians can perform final needle placement.
Perhaps the most advanced form of an MRI-compatible robot that has been developed,
clinically validated, and commercialized is the INNOMOTION robot (Synthes Innomedic
GmbH, Herxheim, Germany) developed by Melzer et al (5) for percutaneous placement of
needles in an MRI scanner. Its C-shaped outer arm fits tightly into the 60 cm bore of a
standard MR scanner to enable biopsy needle guidance. In Leipzig, Germany, Moche et al
performed two biopsies in the bone (femur and sacral bone), three other biopsies in different
regions not subject to organ motion (lesser pelvis, iliac lymph node, lumbar spine abscess),
and one in a region subject to respiratory motion (liver) (6). The authors stated that a
stereotactic device such as INNOMOTION assists in the biopsies of lesions that are hard to
reach, difficult to align through the mental mapping of the trajectory, or found in regions with
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few anatomical reference points. The same principle applies to most CAD/CAM robots in
MRI-guided therapies.
The ROBITOM, developed by the Institute for Medical Engineering and Biophysics
(IMB, Forschungszentrum, Karlsruhe, Allemagne, Germany), was another form of motorized
stereotactic frame for a biopsy used to approach a lesion found in the breast in an imagecontrolled manner under a high magnetic field (1.5 T) (4). ROBITOM has since been applied
to a clinical validation study (7, 8).
As is summarized in a review article in (9), the prostate continues to be the most active
area of investigation in MRI-compatible robots. Another interesting review paper around
MRI-compatible robotics is (10). A notable mention in the recent research in MRI-guided
robotics for prostate intervention is the UMCU (University Medical Center Utrecht,
Netherlands) robot (11) that has been used for gold seed placement through a transperineal
approach in a 1.5 T scanner.
The NeuroArm developed by a group at the University of Calgary in Canada and now
owned by IMRIS (Manitoba Canada) is MRI compatible due to its titanium, polyetheretherketone, and polymethylene material (12) and MRI-compatible force/torque sensor
for haptic feedback. However, any report from the same group does not include a MRcompatibility test or a clinical report for use of the robot in the MRI’s bore while the patient is
in the scanner. If this device has an “in-bore” clinical design, it will be the first MRIcompatible robot to enable high-dexterity surgical maneuvering using a master-slave
mechanism.
MRI compatibility
Since traditional electromagnetic components interact with and become dysfunctional
due to the high magnetic field of an MRI, researchers are working on special MRI-compatible
actuation and sensor technologies that include pneumatic actuators, hydraulic actuators,
ultrasonic motors for actuation, and optical sensors for position, force, and torque detection.
The requirement of MRI compatibility initially created major difficulties for an early
investigator of MRI robotics. However, experimental and theoretical studies gradually
established the design criteria to build MRI-compatible
machines that was originally released online by GE
Medical Systems (GE Healthcare, Milwaukee, WI) but
also re-reported by Chinzei et al in (13). In principle,
researchers found ultrasonic motors to be the preferred
choice as actuators. Additionally, very limited optical
encoders are MRI compatible. Most recent publications on
MRI-compatible
robots
provide
vendors
and
specifications of these motors and sensors (10). Others
developed in-house actuators mostly using a pneumatic
mechanism (14, 15).

Figure 1. Needle holder letting the
user freely choose the needle
insertion
orientation
while
maintaining the remote center of
motion by robotic motion.

New emerging key technology to enhance an MRIcompatible robot
An interesting form of the CAD/CAM robot as a
MRI-guided robot is the hands-on robot, or synergistic
robot, that assists a physician to perform precise tools
positioning not by performing autonomous and motorized
positioning of the tools but by restricting the motion range
of the tool and letting the physician physically drive the
tools (16) (Figure 1). Such a robot has been proposed and
clinically tested by the author of this paper and his
colleagues at Shiga University in Japan (17).
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Haptics is a tactile feedback technology that senses force applied to the end-effector of
the robot and provides a feeling of touch by applying forces, vibrations, and/or motions to a
remote control interface that users manipulate. A critical technology to enable haptics in a
MRI-compatible robot is an MRI-compatible force sensor. Further, several interesting
technologies are emerging (18). One technology to enhance MRI-guided robotics is visual
servoing whereby the robot is controlled by detecting the end-effecter of the robot and/or
target lesion in the MRI. We anticipate that the automatic tracking primarily developed for
catheter tracking (19, 20) can be immediately translated to image-driven control of the MRIcompatible robot to deal with motion compensation of the moving target organ in MRI-guided
therapy or to control MRI-compatible active catheters. Lastly, we also have begun to witness
the emergence of MRI-driven nanoparticles and microrobots (21). A series of papers from
Martel et al’s group demonstrated the propelling, tracking, and performing of real-time
closed-loop control of an untethered ferromagnetic object inside a living animal model using a
standard clinical MRI. As they will enable a new dimension of MRI-guided therapy, such as
focal chemotherapy, the impact of these MRI-controlled microrobots is significant.
Conclusion
The development of MRI-compatible robotics originally aimed at precision tool
placement in a low-field MRI scanner, but has since been aimed at more complex tasks in a
high-field scanner. The most contemporary MRI-compatible robot is one with a high dexterity
and master-slave configuration with possible near future inclusion of haptics. We will further
observe the emergence of nanoparticle and microrobotics in MRI-guided therapy thanks
largely to innovative tracking, sensing, and visual servoing technology.
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Interventional MRI–vascular applications
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Objective
MR-guided endovascular interventions are appealing due to the high soft tissue
contrast, the ability to perform angiography with and without contrast medium, the option, to
assess physiologic function, such as flow and vessel wall compliance and most recently, the
promises of “molecular imaging”. Encouraging results have been gained from animal studies,
but reports of endovascular interventions in human remain low in number. The strongest
obstacle to a broader clinical acceptance is the lack of MR-safe instruments. Up to now it is
the rule to employ self made devices for animal studies or dedicated prototypes, which are not
commercially available.

Figure 1.
A contrast medium doped
solution was administered during dilatation of
stenosis (stenosis prior to the intervention top,
arrow). After the intervention the vessel wall is
enhanced (bottom, arrow).

Figure 2.
MR guided embolisation of the left
renal artery performed at 3 T. Left image arrow:
catheter, right image, arrow: a mixture of ebucrilate,
lipiodol and iron particles was injected for
embolisation.

In the last decades, the indication claimed for endovascular MR guided interventions was
merely saving of x-ray radiation by replacing fluoroscopy with real time MRI. In many
animal studies, interventions, which are clinically carried out using x-ray only, have been
transferred to MRI. The perspective of decreasing x-ray exposure for adult patients and
interventionalists alone does not completely convince to transfer previously x-ray guided
interventions into the MR-suite. Such interventions should only be intermediate goals in the
development of dedicated MR guided interventions.
Recently, technical maturation of interventional MRI and simultaneous development
of MRI in other areas, namely the development of MR-safe conductors and the advent of
molecular imaging promise to open up the avenue of MR-guided interventions that can not be
carried out on other imaging platforms. Currently, the four applications that are on the rise
are: 1. interventions for the endovascular treatment of congenital heart diseases, 2.
electrophysiological interventions, 3. local delivery of drugs, cells or genes targeted at the
recovery of damaged tissue and 4. techniques for treatment of stenotic or occluded vessels.

Requirements
Endovascular interventions require real-time imaging with a temporal resolution close
to that of x-ray fluoroscopy in order to monitor movement of instruments and assess potential
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complications. For safe guidance of catheters, a frame rate of approximately 6 images per
second is necessary. Real time MRI is usually obtained by combining rapid imaging strategies
such as radial or spiral techniques and fill the data space (k-space) in an efficient way with
smart reconstruction methods that increase the apparent frame rate.
Two strategies for visualization of devices on MR images are established: passive
visualization relies on the imaging features of the devices. Currently, with passive
visualization devices are usually delineated as signal voids on bright blood images (true-FISP
or FLASH). Small markers consisting of iron particles, nitinol or dysprosium can be added to
the device in order to enhance visualization. The advantage is the immediate applicability
owed to the fact that modifications of the scanner are not required. If non-conducting
materials are used, the devices are MR-safe. However, catheter tracking might be challenging
using this technique.
Active visualization makes use of small radiofrequency coils, which are integrated in
the interventional devices. The location of the tip can be automatically tracked and detected so
that the slice position can be automatically adjusted. Wire connection to the scanner is
required, which usually renders hardware modification necessary. Another drawback is that
active devices are expensive.
Local delivery of Cells, Genes or Drugs
An interesting indication for delivery of substances is the application of drugs to the
vessel wall during angioplasty of peripheral arteries. Recently, it has been demonstrated in a
longitudinal study with an observation period of 24 month that restenosis after angioplasty
can be significantly decreased, if balloon catheters coated with paclitaxel are used [1]. In an
animal study, peripheral vascular stenosis were dilated with a microporous balloon catheter,
which allowed for the application of contrast medium and tissue due solution to the vessel
wall [2]. Distribution of the contrast medium in the vessel wall was visible on MR images
(Figure 1) and resembled that of tissue due and hence facilitated the assessment of the
delivery location. An optimistically inclined practitioner can imagine that future MR
procedures will include vessel wall imaging with the ultimate goal of plaque characterization
followed by selection and local supply of the indicated drug together with monitoring of
sufficient delivery at the intervention.
The different strategies of local delivery of therapeutics are currently developing and
are likely to culminate in a concept that can be applied with interventional MRI exclusively.
Interventional MRI at high field strength
Increasing the field strength to 3 T offers the promise of increasing the signal-to-noise
ratio which can be invested into high spatial resolution images. These improvements would be
advantageous for vessel wall imaging. The delineation and characterization of plaque
components may aid in choosing between different therapeutic options, such as dilatation with
or without local delivery of drugs or stent placement. Delineation of occluded vessels might
aid in recanalisation.
Molecular imaging, i.e. delineation of selectively binding contrast media has a higher
sensitivity at high field strength due to the higher SNR. Combining molecular imaging with
interventional MRI is a very promising pathway for using the beneficial properties of MRI for
the development of interventions. Local delivery of labelled substances to selectively marked
targets is one of these examples.
Initial animal studies have already demonstrated the feasibility of performing
endovascular interventions at 3T (Figure 2).However, for interventions at 3 T devices that are
MR-safe at 1.5 T have to be re-evaluated, in particular if they contain metal owing to the
different wavelength at 3 T [3].
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Objective
Active tracking (1) of catheters during MR guided procedures holds the promise of
specifically locating a catheter at several frames per second while continuously imaging. In
practice however, periodically interrupting imaging sequences to obtain tracking data can perturb
the steady-state of the imaging sequence, potentially creating significant degradation of image
quality. Due to this limitation, many researchers report primarily using previously acquired
roadmap images, solely tracking the catheter during catheter manipulation, and reacquiring
roadmap images when necessary. Here we investigate potential differences between the imaging
and tracking sequences and their influence on image quality within the imaging sequence. We
develop a set of guidelines to minimize degradation by minimizing disturbances in the steadystate where possible.
Materials and Methods
The complexity of tasks involved with interventional applications requires several
different types of MR pulse sequences. Some have advocated for a virtual scanner approach for
interventional MRI, where each task can be viewed independently of others (2). Ideally, several
imaging sequences with different types of image contrast would be compatible with active
tracking.
As MR active tracking sequences are normally designed independently of the imaging
sequences performed for guidance, the tracking sequence may have a different RF flip angle, RF
phase, gradient waveforms, slice excitation profile, RF and gradient spoiling schemes, and
repetition time than the imaging sequence. Early in the development of diagnostic MRI, painstaking effort was expended in developing stable imaging sequences with consistent control of RF
amplifier amplitude and phase, gradient amplitude, and pulse sequence timing. By maintaining
stability between each phase-encoding step, image quality in diagnostic image quality was
improved. Thus, it is not surprising that periodic interruptions of an imaging sequence to obtain
tracking data for interventional procedures can seriously degrade image quality.
In our design approach, we hypothesize that degradation in the imaging sequence will be
minimized when the tracking pulse sequence is as similar as possible to the imaging sequence. If
the imaging sequence can share information with the tracking sequence on matters such as RF
phase cycling and gradient spoiling, the tracking sequence may be able to minimize disturbances
to the imaging sequence. Some differences are inherent, however. For example, imaging typically
involves exciting a limited slice or slab, while catheter tracking will usually require querying a
much broader range of spins. In this work, the central focus was not actually to track a catheter,
but to appreciate how differences between the tracking and imaging pulse sequences caused
possible image degradation.
To investigate how differences between imaging and tracking pulse sequences can affect
the imaging steady-state, a flexible pulse sequence program with interleaved imaging and tracking
sequences was developed on a GE Healthcare Signa 1.5T system (Waukesha, WI). The imaging
sequence was built with configurable gradients and RF phase cycling mechanisms to easily
131

convert between several common gradient-recalled echo (GRE) imaging sequences that would be
useful in interventional applications. The supported imaging sequence included RF-spoiled T1weighted imaging (SPGR, FLASH, T1-FFE), coherent gradient echo imaging (GRASS, FISP,
FFE) and fully refocused steady-state imaging (FIESTA, True-FISP, bFFE). The tracking
sequence was designed similarly so that it could be operated in a similar range of gradient-recalled
configurations.
Imaging was performed with a quadrature head coil using a phantom or volunteer with
axial 256 x 256 imaging, 5 mm imaging slice thickness, and 16-24 cm FOV. To easily program
the necessary refocusing and dephasing gradients for all gradient-recalled echo configurations in a
single pulse sequence, a relatively slow 25 ms TR was necessary. However, the fundamental
results derived from disturbing the imaging steady-state should hold across a wide range of
operating repetition times.
The investigational imaging sequence was designed to be interrupted for tracking at
periodic intervals designated by the user. Typically a burst of tracking experiments were
interleaved every 16 phase encodes, for a tracking rate of approximately 2 Hz. First, the
consequences of differences between RF phase cycling during imaging and tracking was
investigated. Next, experiments studying the impact of differences in flip angle, TR, and gradient
spoiling axis are described. For simplicity, this work initially focuses on coherent gradient echo
imaging (GRASS) and RF spoiled T1-weighted imaging (SPGR), though fully refocused steadystate imaging also deserves attention in the near term.
Results
Several vendors alternate the phase of RF excitation by 180 degrees between phase
encodes during standard product sequences. This approach removes any signal due to a DC
bias on the exciter. Active tracking is often implemented without alternating RF phase
between individual tracking excitations, as the active tracking sequence is not aware of when
it is interrupting the imaging sequence. To study the effect of this, we first implemented a
GRASS imaging sequence where the interrupted tracking sequence mimicked all possible
parameters (gradient spoiling, flip angle, TR). The tracking sequence used a non-selective
excitation while the imaging sequence used a 2D excitation. When the tracking sequence is
not aware of the imaging sequence RF phase alteration in Figure 1c, signal pileup and
ghosting occurs relative to the reference image (Fig. 1 a) acquired without tracking
interruption. More consistent signal results in Fig. 1b when the tracking sequence mimics the
same RF phase alteration occurring during imaging.

Figure 1. a: Reference coherent GRE image without any interruptions for tracking in homogenous phantom.
b: GRE image with tracking interruptions where RF phase alteration is maintained during imaging and
tracking. c: GRE image obtained when tracking sequence does not follow the imaging sequence phase
alteration. Notice the slight pileup of signal along the edges in Figure 1c and increased ghosting (R/L) in the
phase-encode direction.

Interleaving of active tracking and the coherent gradient echo sequence GRASS in humans
demonstrates dramatic changes in image contrast in Figure 2 at high flip angles (60 degrees).
A reference axial image in the brain is shown in Figure 2a without any tracking interruption.
In Figure 2b, all RF parameters and gradient spoiling parameters are the same between the
imaging and tracking sequences. Though not practical for tracking, using the same slice thickness for tracking maintains the positive signal within the ventricles and all vascular in-flow.
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Figure 2. a: Reference GRASS axial image without tracking interruption. b: Tracking sequence maintains all
imaging parameters, including thin excitation slice profile. While not practical for tracking, it demonstrates
that similar image quality can be maintained. c: Widening the tracking excitation removes CSF/brain contrast
as active tracking removes coherence pathways for longitudinal signal to refocus.

Using a more practical tracking RF pulse which excites the entire head in Figure 2c destroys
the signal coherence pathways which provide positive
cerebrospinal fluid (CSF) signal.
Studies with a highly T1-weighted GRE sequence
(SPGR, FLASH, T1 FFE) with a 60 degree flip angle
demonstrate that sequences that depend primarily on the
longitudinal steady-state are more robust to active
tracking interruption. A reference image is provided in
Fig. 1a. Again, all RF parameters and gradient spoiling
parameters were first the same between the imaging and
tracking sequences. For illustrative purposes, a tracking
interruption exciting only the same 5 mm imaging slice is
shown in Fig. 1b. Active tracking with whole brain
excitation does remove inflow signal as expected, as
shown in Figure 3c. Variations in signal level with other
changes in the tracking parameters are shown in Fig. 3d-f
Figure 3 a: Ref. image. b: Image with tracking interruptions, but
impractical 5 mm tracking excitation is very similar to reference
image. c: Practical tracking shows loss of inflow signal and some
signal, but otherwise is similar to Figure 3a. Lowering tracking flip
angle in d creates ghosting and change in image contrast. e: Using
low image FA (15°) with high tracking FA (60°) causes signal
dropout. f: Shortening tracking TR results in ghosting.

Conclusion
An investigational pulse sequence to mimic an interleaved imaging and active catheter
tracking applications was developed to study how periodic interruptions for active tracking
can disturb the imaging steady-state. Imaging sequences which depend primarily on the
longitudinal steady-state (SPGR, FLASH, T1 FFE) are more robust than sequences that
depend on the transverse steady-state. Efforts to have the tracking sequence mimic the
imaging sequence flip angle, TR, and RF phase cycling scheme result in higher image quality.
Our next task will be build an interleaved real-time application where the active tracking task
reads and mimics the gradient-recalled imaging task on the RtHawk platform (HeartVista,
Palo Alto, CA).
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Objective
As the number of fluoroscopic and CT guided interventions continues to increase,
there is increasing public concern regarding patient and staff radiation dose during these
procedures. Even when techniques to lower these doses are employed, the radiation exposure
of both patients and staff remains high [1]. Modalities that do not involve the use of ionizing
radiation include both ultrasound and MRI. However, both of these modalities have their
drawbacks. Ultrasound, which is used as part of most interventional radiology procedures, is
highly patient and user dependant, and has limited utility for imaging deep structures or
structures that are “blocked” by anatomy with high attenuation coefficients, such as lung or
bone. MRI is an expensive modality employed for interventions in a handful of academic
hospitals and involves well-described patient access and safety issues.
Fusion technologies can provide the “best of both worlds” by combining the detailed
anatomic and functional data of CT and MR imaging with the flexibility and patient access of
ultrasound and fluoroscopy. By decreasing the procedure time and limiting the use of
standard CT or fluoroscopy for targeting, procedures can be performed at a lower radiation
dose than with standard “X-ray” guided procedures [2].
The objective of this study is to test the feasibility of using an electromagnetic fieldbased needle tracking navigation device (iGuide CAPPA) to guide a potentially complicated
and lengthy interventional procedure: percutaneous portal vein access, which is used
clinically for portal vein embolization, and for islet cell transplantation procedures.
Materials and Methods
All animal studies were performed with the approval of the institutional Animal Care
and Use Committee (ACUC). A single 45 pound female swine, which had undergone X-ray
fluoroscopically-guided, percutaneous infusion of MR-visible “magnetocapsules” [3] into the
portal vein approximately 2 weeks previously, was selected for this experiment in order to reaccess the portal system for follow-up assessment of portal hypertension.
The animal was sedated with a combination of telazol (100mg/ml), ketamine
(10mg/ml), and xylazine (100mg/ml) at a dose of 1 cc per 50 lbs. A catheter will be placed in
the animal’s ear vein, and the animal was intubated and maintained on general anesthesia (13% isoflurane) with mechanical ventilation for the duration of the imaging and procedure.
MR imaging was performed on a 1.5T MR scanner (Espree, Siemens). The animal
was placed supine with a 6-element surface coil over the liver. Scout images were acquired to
localize the liver followed by acquisition of a three-dimensional T1-weighted fat saturation
volume interpolated breath hold (VIBE) sequence with imaging parameters: 5.1 ms TR; 2.6
ms TE; 10° flip angle; 2.5 mm slice thickness, 300x225 mm field-of-view; and 256x192 mm
image matrix. The 3D VIBE imaging protocol was repeated after a 30 cc IV injection of
gadopentetate dimeglumine (Magnevist, Bayer Health Care). Breath-holds were achieved by
suspending the ventilator at end-inspiration.
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A reference plate containing five CT fiducial markers and a sensor for the
electromagnetic tracking system was attached to the pig in proximity to the region of
intervention, and was used as the basis for registration of the pre-procedural data to the
electromagnetic field space. C-arm CT (DynaCT®; Siemens AG Healthcare sector) images of
the swine were acquired during a breath-hold and with an intravenous iodinated contrast
injection (Iohexol, Omnipaque, GE Healthcare) protocol (two 8 s rotations for a digital
subtraction angiogram; 240º scan angle; 0.5º increment; 0.36 µGy dose per pulse; and 0.37
mm3 voxel size) designed to synchronize the acquisition with the portal-venous phase. MR
and C-arm CT fusion was performed using image-based rigid registration software (syngo
Inspace Fusion, Siemens AG Healthcare sector). The registered 3D C-arm CT and MR
volumes were then imported into an electromagnetic field-based needle tracking navigation
device (iGuide CAPPA, CAS Innovations GmbH & Co. KG, a Siemens Company) with the
purpose of performing a guided percutaneous puncture to access the portal vein. iGuide
CAPPA allows planning of access trajectories that can be oblique in two axes on the
multiplanar (MPR) views of the pre-procedural data (Figure 1). Following the target
definition and path planning stage, iGuide CAPPA displays the MPR views of the preprocedural data together with the trajectory information and a real time virtual visualization of
a tracked needle (Figure 2). iGuide CAPPA supports the clinician in positioning and
alignment of the needle by providing real-time visualization of the needle tip and the needle
longitudinal axis.

Figure 1: Screenshot of the target definition and
path planning stage using iGuide CAPPA. The
trajectory for accessing the portal vein is planned
based on the MPR views of pre-procedure images of
the swine model. The red cross indicates the
puncture target, the yellow cross indicates the skin
entry point, and the blue line indicates the planned
trajectory.

Figure 2. Screenshot of the real time MPR views
of the pre-procedure data together with the
visualization of the planned trajectory (blue line)
and the virtual needle (red line). The alignment of
the needle to the trajectory is also supported by
virtual representations of the position and angle of
the central axis of the planned trajectory (white
circles) and the needle (red circles).

As would be typical in a clinical procedure, a peripheral, right-sided portal vein was
selected as a target, and an antero-lateral, sub-diapraghmatic location was chosen as a skin
entry site. The target vessel was approximately 3-4 mm in diameter and was targeted and
accessed using an 18 G trochared, EM-trackable needle and iGuide CAPPA system. Accurate
targeting was confirmed using a standard contrast injection under fluoroscopy.
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Results

Using iGuide CAPPA and the fused MR and C-arm CT images with portal vein
enhancement, the selected portal vein was successfully targeted with only two passes of the
needle, with a “stick time” to “target time” of under 5 minutes (Figure 3) and total procedure
time of 57 minutes including acquisition of C-arm CT, planning, and portal vein pressure
measurements.

Figure 3: Portal-venogram which confirms accurate targeting
of the right portal vein using the CAPPA iGuide system.

Conclusion
The navigation device relying on fused MR and C-arm CT images was accurate in
guiding needle visualization and needle placement. Electromagnetic field-based tracking
guidance using fused MR and C-arm CT images can assist in the puncture procedure by
reducing the procedure time and radiation exposure.
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Objective
X-ray-guided cardiac electrophysiology (EP) ablations are increasingly used to treat
arrhythmias, which are afflicting millions of people world-wide. Ablation procedures require
the introduction of catheters that can measure intracardiac electrograms (IEGM), perform
cardiac pacing and RF-ablation of tissue. MR-guidance of these procedures is subject of
current research [1, 2] due to its potential for visualization of the ablation-induced tissue
changes [3, 4], which is not possible with X-ray. In MR-EP, the RF-safety of catheters is a
key problem [5], and effective safety measures have been proposed for diagnostic MR-EP
catheters [6]. However, these technologies cannot be used for ablation catheters due to
different frequency and high power requirements for RF-ablation. It is the objective of this
work to address the safety issue of RF-ablation catheters and to provide and evaluate a
respective solution.

Materials and Methods
The key therapeutic functions of an RF ablation catheter are delivery of up to 50W RF
power at a frequency of about 500kHz and measurement of the impedance between tip
electrode and a reference electrode patch applied to the patient’s skin. Besides, the catheter
must provide diagnostic IEGMs and should be equipped with active tracking for MRguidance.
For RF-safety of the active tracking and IEGM recording functionality, a tip tracking
coil connected to a transformer-cable and EP electrodes connected to highly resistive (HR)
wires [6] were applied to the novel MR-ablation catheter (Fig.1). However, neither safety
concept allows transmission of the RF current as required for ablation. Therefore, the
principle of segmentation of long wires for reduction of common mode currents and
associated undesired tip heating was applied. Segmentation by RF chokes was avoided
because chokes themselves are prone to RF heating [7]. Instead, three mechanical switches
were introduced into the RF ablation cable that can be controlled from the handpiece of the
catheter. The switches were closed only during ablation and kept open at all other times for
RF safety.
The following experiments were performed to evaluate the function of the segmented
cable, and RF-safety and ablation function of the catheter: The function of mechanical
switches was evaluated by measurement of the impedance of a segmentable cable during up
to 100 switching cycles with the catheter tube bent by 180deg, and by 100 test ablations (50W
RF power for 1min each).
The RF-safety of the fully integrated MR-ablation catheter (8F, 100cm length) was
evaluated by fiber-optic temperature measurements in comparison to an identical catheter
equipped with a standard Cu-ablation cable. Catheters were placed in a saline bath at identical
positions 20cm off-center, and tip temperature increase was measured at different immersed
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length during RF transmission (for MR-ablation catheter: whole-body SAR 4W/kg for 1min
and for standard catheter: 2W/kg for 2.1s).
The ablation and impedance measurement functions were evaluated by initial test
ablations in egg white, an ex-vivo pig heart, and in-vivo in the RA of a pig using a standard
RF generator (IBI-1500T11, St.Jude Medical).

Results
The overall impedance of the ablation cable during and after 100 switching cycles was
in the order of 1Ohm, which is much below the typical tissue impedance between tip
electrode and reference patch in a patient (~100Ohm). Impedance measurement and visual
inspection of the switches did not reveal any ablation-induced changes after 100 test
ablations.
In the RF-safety measurements, the tip temperature increase for the MR-ablation
catheter (open state) was limited to 1.5K, while an increase of up to 35K was measured in
only 2.1s for the standard catheter (Fig.2).
Successful ablations were performed in egg-white, an ex-vivo pig heart and in the RA
of a live pig in an MR-guidance procedure. Ablation lesions were confirmed after
explantation (Fig.3). Impedance measurement performed reliably in all ablations, and autotermination of power delivery triggered by an increase of impedance due to tissue coagulation
was possible. Manual inspection of the tube sections at the switch position in comparison to
other sections and catheter handling during the in-vivo procedure with open and closed
switches did not detect any influence of the switches on catheter mechanics.

Figure 1. Principle set-up of MR-ablation catheter with tip ablation electrode (blue) connected to segmentable ablation
cable, tip and ring electrode connected to HR wires, and tip tracking coil (red) connected to transformer-cable.

Figure 2. Temperature increase during MR RF-transmission
for MR-EP and standard catheter.
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Figure 3. Ablation lesion created in RA of a
pig during MR-guided procedure.

Conclusion
The use of a segmentable RF-ablation cable allows the construction of RF-ablation
catheters with full ablation and impedance measurement functionality and vastly increases the
RF-safety of such devices in MR. The concept is compatible with standard RF generator
hardware. The micro switches developed for cable segmentation allow uncompromised
ablations and impedance measurements. They are durable and do not limit catheter
maneuverability. An MR-EP RF-ablation catheter comprising a segmentable ablation cable,
ablation and mapping electrodes, a tip tracking coil and respective RF-safe wiring was used to
apply several ablation lesions during MR-guided ablation procedures.
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Objective
Transcatheter, transarterial aortic valve implantation (TAVI) is rapidly emerging as a
promising new treatment option for patients with severe symptomatic aortic valve stenosis
who are considered at high or prohibitive surgical risk [1, 2].
Envisioning real-time MR guidance of the TAVI procedure, the objective of this study
was the systematical in vitro evaluation of the MR imaging characteristics of a currently
commercially available TAVI device and modification of the delivery device towards MRcompatibility. Featuring the modified MR compatible stent valve delivery device, real-time
MR guided TAVI has been performed in vivo in eight swine.
Materials and Methods
The self-expandable Medtronic CoreValve® aortic bioprosthesis (Medtronic, Inc.,
Minneapolis, MN, USA) is composed of a nitinol stent frame with an integrated trileaflet
porcine pericardial tissue valve and is either implanted via the femoral or subclavian artery.
Its delivery catheter has a 12 Fr shaft with 18 Fr distal end comprising the crimped prosthesis
which can be released stepwise with continuous transaortic blood flow. The original catheter
shaft revealed ferromagnetic braiding, considerably compromizing MR imaging and MR
safety. Device modifications obviating any metal braiding resulted in full MR compatibility of
the delivery device
The devices were systematically examined in phantom models using a 1.5-Tesla MRI
scanner (Magnetom Avanto, Siemens AG Healthcare Sector, Erlangen) equipped with an
interventional in-room monitor. Initially, valves and delivery devices were examined using
high-resolution T1-weighted 3D FLASH sequences. Real-time fast imaging with TrueFISP
sequences was then used for device evaluation in motion and for monitoring valve
deployment.
MR-guided TAVI with the modified MR compatible delivery device was then
performed on 8 farm pigs (75-85 kg) via subclavian access. Catheter placement and stent
release was performed under real-time MR guidance with a rt-TrueFISP sequence providing
5 fps.
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Results
The nitinol-based self-expandable stent-valve was excellently visualized with
delineation even of small details. The commercial delivery catheter shaft of this device
revealed strong ferromagnetic artifacts (Figure 1), thus also raising concerns regarding RFrelated device heating and ferromagnetic attraction, precluding in vivo application.
Modifications of the delivery device to eliminate the metal braiding resulted in artifact
elimination and excellent real-time visualization of catheter movement and valve deployment
using real-time TrueFISP imaging (Figure 2).
Figure 1:
Photographs of
the
commercially
available
delivery
catheter
and
corresponding high-resolution T1weighted 3D FLASH imaging to
screen for ferromagnetic and
susceptibility
artifacts.
Left:
delivery catheter without stent;
middle: release position without
stent; right: delivery catheter
loaded with crimped nitinol stent.
The MR images reveal severe
ferromagnetic artifacts due to
ferromagnetic components and
metal braiding implemented in the
commercial delivery catheter
rendering
the
device
noncompatible for use in MRI.

Figure 2:
Photographs of
the modified delivery catheter and
corresponding high-resolution T1weighted 3D FLASH imaging
demonstrating
excellent
MR
image quality without metal
artifacts. In the modified delivery
catheter design all ferromagnetic
components and metal braidings
have been omitted rendering the
device MR-compatible. Right: the
position of the loaded nitinol stent
can be determined by its mild
susceptibility artifacts.

MR-guided TAVI unsing the modified delivery device was successful in 6/8 swine.
Delivery catheter guidance, catheter positioning within the aortic valve, and the stent release
process itself could be monitored with real-time TrueFISP with a frame rate of 5 fps
(Figure 3). Post-interventional therapeutic success could be confirmed using ECG-triggered
cine-TrueFISP sequences and flow-sensitive phase contrast sequences revealing or excluding
regurgitation, respectively. Final stent valve position was confirmed by ex vivo histology.
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Figure 3:
Nitinol CoreValve (A) featuring an aortic valve formed from porcine pericardial tissue; MR
image (B); modified MR compatible delivery catheter (C). (D-G) Real-time TrueFISP images of MR-guided
CoreValve deployment in vivo. Arrowheads in (E-G) show successive stent release and final stent position in
histologic correlation (H).

Conclusion
The self-expandable CoreValve aortic stent-valve is potentially suited for real-time
MRI-guided placement after suggested design modifications of the delivery-system. MR
imaging in this interventional setup provided excellent pre-interventional anatomic and
functional evaluation of the native aortic valve, precise real-time instrument guidance
allowing accurate placement of the stent-valve within the native aortic annulus, and finally
detailed post-interventional evaluation of therapeutic success.
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Objective
One of the main challenging problems in use of MRI in guiding cardiovascular
interventions is the difficulty in real-time tracking the position of the catheters. For this
purpose passive [1] and active [2, 3] tracking methods have been developed. Inductively
coupled RF (ICRF) coils are proposed as a blending technique which allows increased signal
around the catheter for better visualization of its position [4]. Recently, we proposed to use a
rotating linear polarized RF excitation for separation of anatomy signal from the catheter
when ICRF coil is used [5]. When catheter and anatomy signals are separated, it becomes
trivial to reconstruct a color-coded image if the catheter inside the anatomy image. Here, we
show that this new technique is not only usable with FLASH or spoiled gradient echo
sequences but also with steady-state sequences such as TrueFISP, which is widely used in
real-time applications.
Materials and Methods
Conventional imaging systems have one channel transmit chain. Recently, transmit
array systems have been introduced for better B1 homogeneity. Studies on transmit array
systems are mostly based on understanding the working principles and explore capabilities of
the system. Note that in a conventional system, the two ports of a body birdcage coil are fed
by a quadrature hybrid resulting application of two identical RF waveforms with 90 degree
phase shift. By connecting these two ports to the two-channels of the transmit array system
instead of quadrature hybrid, different RF pulses can be applied to each of the port and
therefore in addition to circularly polarized magnetic field, linearly polarized fields can be
obtained.
Figure 1: Transmit
array system is
used to feed body
(birdcage) coil with
two
different
excitations
to
obtain
linear
polarized RF fields.

In our previous study, a FLASH sequence was used to separate catheter from body
signal. For this a linear magnetic field is applied but the orientation of the magnetic field is
rotated in each RF as shown in Figure 1. Although the proposed method is designed for
FLASH sequence, it also works with TrueFISP but its performance needs to be analyzed. For
this computer simulations were conducted using MATLAB (version 7.6; Mathworks Inc.).
Anatomy and catheter signals were obtained using following parameters: T1 200 ms, T2 60
ms, TR 5.1 ms, TE 2.9 ms, flip angle 200. In addition, proof of concept experiments were
conducted using oil filled phantom. In our study, a Siemens TIMTrio transmit array system
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and spine matrix coil were used. An ICRF coil was placed on a naso-gastric tube inserted into
the phantom. A modified TrueFISP sequence with following parameters was used: TR 5.1 ms,
TE 2.9 ms, slice thickness 5 mm, flip angle 200, FOV 300×300, imaging matrix 256×256. RF
pulses are applied as shown in Figure 1.
Figure 2: TrueFISP
simulation.
Onresonance state (field
inhomogeneity
is
zero) shows high
signal strengths for
all three signals.
Proper adjustments
by shimming enables
high anatom signal,
zero ICRF signal,
and non-zero ghost
signal.

Results
Simulation results show that the anatomy and the catheter (ICRF coil) signals differ
significantly (Figure 2) as a function of frequency. As shown in the figure, in addition to the
anatomy and catheter signal, ghost of the catheter signal is observed. Since our aim to
separate the anatomy signal from the catheter, it is best to have high ghost and anatomy
signals and low catheter signal. As can be seen, this can be achieved with 55 Hz frequency.
Figure 3a shows image when only one transmit channel is used. If both channels are
active in order to apply the method, ghost signal of the ICRF coil can be discriminated (Figure
3b) to form color-coded image (Figure 3c). Note that, ghost image has higher intensity than
the catheter signal (Figure 3b).

Figure 3. TrueFISP
images.
a:
One
channel image. b:
Two channel image.
c:
Color-coded
image.

Conclusion
A new TrueFISP based method for catheter tracking using transmit array system is
presented.
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Objective
To introduce a novel method for real-time MRI that yields high-quality images with
acquisition times as short as 20 ms and movies with 50 frames per second.
Materials and Methods
The approach combines two major principles: (i) a fast low-angle shot (FLASH) MRI
technique using radial trajectories for spatial encoding [1], and (ii) a regularized nonlinear
inversion for image reconstruction [2]. The former allows for rapid, continuous and motionrobust imaging, and ensures insensitivity to off-resonance artifacts and moderate tolerance to
data undersampling. The latter exploits the advantages of parallel imaging with multiple
receive coils and enhances the degree of radial undersampling in an hitherto unexpected
manner by another order of magnitude. Studies of healthy subjects were performed on a
clinical 3 T MRI system (Trio TIM, Siemens AG, Erlangen, Germany).
Results
Preliminary applications focused on cardiovascular MRI during free breathing and
without synchronization to the electrocardiogram. Real-time MRI movies based on T1weighted radial FLASH images (TR/TE = 2.2/1.5 ms, flip angle 8º) were obtained at 1.5 mm
in-plane resolution along anatomically defined orientations (for example, short-axis views are
shown in Figure 1) and with 48 to 24 ms temporal resolution (25 to 11 spokes per image). The
images exhibit a high signal of the myocardial wall, good blood-tissue contrast, and excellent
temporal fidelity.
Conclusion
The proposed real-time MRI technique achieves both high spatial and temporal
resolution. The motion robustness and absence of susceptibility-induced artifacts
demonstrates its unsurpassed potential for interventional MRI and monitoring of minimally
invasive surgical procedures.
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Figure 1.
Real-time cardiac MRI (30 frames per second) during free breathing and without
synchronization to the electrocardiogram. The short-axis views cover an entire cardiac cycle (36 successive frames
= 1204 ms) from diastole (top left) to diastole (lower right). Individual T1-weighted images (1.5 mm in-plane
resolution, 8 mm section thickness) were acquired within 33 ms (radial FLASH, 15 spokes, TR = 2.2 ms, flip
angle 8o).
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Objective
Tools that provide precise real-time, minimally-invasive, high-resolution intravascular
imaging are critical for identifying and assessing the risk posed by vascular pathologies. They
are essential for developing novel diagnostic probes and therapies, and for translating them
from animal models to clinical trials in humans. Intravascular magnetic resonance imaging
(MRI) employing active internal probes offers multi-functional capabilities and high
sensitivity to pathology without ionizing radiation and the limited luminal view offered by
conventional X-ray. However, to date intravascular MRI has lacked speed and resolution [1].
We recently introduced a new “MRI endoscopy” method for performing MRI from a
viewpoint intrinsically locked to a miniature active, internal transmitter/detector in a clinical
3T MRI scanner [2]. The method uses tiny internal probes whose sensitivity is modified to
achieve a thin “sensitive disk” at the tip when used for both excitation and reception, but
initial image scan-times were a minute or more [2]. Here, with a ~100-fold speed-up in scantime, a “real-time” MRI endoscopy approach is presented that can provide intravascular
imaging at several frames per second and 300µm resolution. It is demonstrated in diseased
human iliac arteries in vitro and in the aorta of rabbit model of atherosclerosis in vivo.

Materials and Methods
In vitro MRI endoscopes were made with four 3mm outer diameter (OD) turns of
insulated Cu wire, tuned to 128MHz. In vivo intravascular MRI endoscopes were formed from
5-turn loops with a 2.3mm OD, mounted on 0.8mm biocompatible nitinol coaxial cable. Realtime endoscopy at up to 2 frames/s and in-plane spatial resolution of 300µm was performed
using 2D balanced steady-state-free-precession sequence (SSFP) with 2W adiabatic RF pulses
(TR~ 8-12ms) in a Philips 3T Achieva MRI scanner. The resultant intrinsically-localized
sensitive disk at the distal tip was 1.4-4mm thick without slice-selection (Fig. 1a) [2].
Conventional MRI was used to localize in the 2 other dimensions. The intense signal from the
endoscope is automatically translated to the center of the field-of-view (FOV), and a 1/r
intensity scaling applied to provide a cine stream from the device’s view-point.
In vitro studies were performed on fresh diseased human iliac specimens. In vivo
studies were performed on healthy rabbits, and heritable hyper-lipidemic rabbits that
spontaneously develop atherosclerotic lesions. Real-time endoscopy performed as the device
was advanced, was followed by 80-100µm high-resolution endoscopy when suspected lesions
were identified by the real-time protocol. Images were compared with subsequent histology,
and with X-ray c-arm computed tomography (CT).
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Figure 1. a: Sensitive disk of the MRI endoscope. b: Endoscopic images taken from a 1 fr/sec cine sequence in a
diseased human iliac specimen at 300mm resolution with dark calcified lesion (confirmed by staining-not
shown); and c: corresponding section.

Results
Real-time cine imaging recorded during advancement of an MRI endoscope at
1 frame/s through a diseased, intact human iliac artery specimen in saline showed lesions,
with calcifications in the vessel wall appearing as dark patches (Fig. 1b,c). These were
confirmed by histological staining and by micro-CT. In vivo MRI endoscopy in a rabbit aorta
at 2 fr/sec showed a 20-fold gain in SNR vs the scanner’s standard surface coil close to the
probe. Lesions identified at real-time endoscopy (300µm) were imaged at high resolution
(80µm), and confirmed by post-mortem histology.
Conclusion
MRI endoscopy is a novel technology offering a high-resolution “probe’s-eye” view
of intravascular morphology at 1-2 frames/s–about two orders-of-magnitude faster than our
earlier work [2]. MRI endoscopy benefits from the nearly quadratic SNR dependence on
field-strength at 3T vs 1.5T for tiny internal devices. That the study was performed on a
commercial clinical 3T MRI scanner, offers real hope for fast, minimally-invasive, transluminal, high-resolution imaging of vascular disease on a common clinical platform suitable
for disease assessment and intervention, in both experimental and clinical settings.
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Objective
MRI has been recognized as an established image guidance tool for minimally
invasive thermal therapy and biopsy in recent years. In such procedures, surgical tools are
inserted through rigid type needles; therefore, the target can be punctured from the outside of
the body in a straight path. For the MR image guidance, the needle can be traced by attaching
an optical tracking sensor to the top part of the surgical tools outside of the body [1].
However, some target regions are not accessible in the straight path. To overcome such
problems, we have developed an application, which enables an MR compatible flexible
endoscope equipped with tracking sensor to deliver the surgical tools to the appropriate
location either through natural orifice or with laparoscopic approach.
Materials and Methods
A prototype MR compatible φ11mm, L1040mm three channel fiberscope (Machida,
Tokyo, Japan) (Fig. 1a) equipped with a CCD camera placed on the eyepiece has been
developed. A catheter type (1.3mm in diameter) (Fig. 1b) electromagnetic tracking sensor
Endoscout (ES) (Robin medical, Baltimore, MD) was placed at the distal end of the
fiberscope through one channel. ES can track the fiberscope tip in MR environment by
sensing the MR active gradients. A special phantom was designed and built to examine this
surgical technique. Two air-ducts were placed inside of an agar filled phantom and the
fiberscope can be passed through the tunnel duct. A small artificial tumor was created with a
red colored agar block and placed at the one end of the air duct. GE’s double donut Signa
0.5T SP/II MR scanner was used to perform the experiment. T1W 3D MR images of the
phantom were collected and Figure 1(c) shows render volume of the phantom generated from
MR images. In this figure, the air duct tunnel and artificial tumor are clearly visible.
Interactive image guidance was conducted with single real-time image plane acquired using
fast gradient echo (FGRE) with 14 ms TR and 3.4 ms TE, corresponding to the fiberscope tip
position and with three orthogonal reformatted image (inplane 0, inplane 90 and
perpendicular) from the 3D MR images. Target region, artificial tumor, and some other MR
visible structure were drawn on the interoperative MR image slices and generated 3D mesh.
Magnification of fiberscope camera was calibrated and adjusted manually prior to the
experiment by four MR visible markers. Same calibration parameter was used throughout the
experiment. Software, called EndoNavi, was built and run on an independent PC connected to
the MR system, and to ES computer through network. Real-time information of fiberscope tip
location and orientation was transferred every 100 ms from the ES server. The information
was then translated to the MR scanner to set the current image plane for the real-time image
scans. Due the longer acquisition time of MR (near 2 sec), pre-acquired MR image volume
was reformatted to display the inplane 0, inplane 90 and perpendicular images correspond to
the fiberscope tip position and orientation. EndoNavi also fetched real-time images
immediately after the acquisition. Fiberscope camera views were captured with a USB capture
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device. Augmented reality (AR) technique [2] was utilized to fuse the 3D tumor target and
critical structures to the camera image.
Results
Figure 2 shows a display of the EndoNavi in a phantom experiment. A, B, D and E
windows in Figure 2 displayed one real-time image of inplane 0 (A) and 3 re-formatted
images (B, D and E) in the orthogonal planes, respectively. Re-formatted images were also
displayed transparently in the 3D view (C) along with the virtual endoscope (yellow) and
artificial tumor (red). The fiberscope image is shown in the lower right window with
superimposed 3D tumor mesh (F). These six windows were integrated and displayed on the
in-bore monitor placed between the double donut magnets for surgeon. He could navigate the
fiberscope by looking at the images shown on the in-bore display, inserted it from one end of
the air duct and slowly approached to the artificial tumor target area.
Along with the insertion of the fiberscope, camera image displayed the surface of the
air duct as well as MR images (one real-time and 3 reformatted images) at the endoscopic tip
position showed the surrounding inner structures. When the fiberscope approached to the
artificial target, superimposed mesh was accurately shown on the target in a transparent color,
which made the navigation to the target quite easy.

(a)

(b)

(c)

Figure 1.
(a) MR compatible fiberscope. (b) Catheter type electromagnetic sensor, Endoscout. (c)
Agar phantom with two air tunnels. An artificial tumor (red square) was placed at the end of one tunnel and
the fiberscope was inserted from the other end along the white arrow.

Figure 2.
Integrated display for surgeons. (A) Real-time MR image (Inplane 0). (B), (D) and (E)
Reformatted images from 3D data in the 3 orthogonal planes. (C) 3-dimensionally displayed 3 reformatted
images with tumor volume. (F) Fiberscopic image with superimposed tumor mesh.
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Discussion
Using this application, surface information from fiberscopic images with augmented
reality could be utilized in combination with tomographic information from real-time and
reformatted MR images. Integration of these 2 image modalities will be very helpful for the
safe and accurate minimally invasive surgeries. In addition, augmented reality approaches
may repair the missing links between conventional general surgery and endoscopic surgery.
Augmented reality including the delineation of dissection planes or resection margins might
be effectively used in MR image guided surgery to avoid injury of invisible structures.
Although further experiments will be required to evaluate the feasibility of this approach, MR
image guided fiberscopic surgery with augmented reality might be a promising strategy as a
new technique of minimally invasive procedures including Natural Orifice Transluminal
Endoscopic Surgery (NOTES).
Conclusion
We have developed an application, which integrates flexible fiberscopic images with a
capability of augmented reality and real-time MR images with reformatted images from
interoperative 3D image data. This approach is promising as a new surgical technique.
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Hybrid C-arm/iMRI systems: valuable contribution or
unnecessary overkill
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Summary
As minimally invasive procedures become increasingly important in medicine, the
need for more advanced and accurate methods for guiding and controlling these procedures
continues to grow. While x-ray fluoroscopy is the dominant imaging modality used for
guidance of minimally invasive procedures in the vascular realm, CT and ultrasound are often
used to guide percutaneous needle interventions. The use of MR imaging for procedure
guidance is increasing. This stems from the unique advantages of MRI which include
excellent soft tissue contrast, functional as well as structural information, flexible image plane
adjustments and lack of ionizing radiation exposure.
For percutaneous direct needle access procedures, MRI can be used without major
adjustments. However, workflow issues as well as poor access can make these procedures
somewhat difficult. The rationale for using MRI as an endovascular guidance tool is based
primarily on its ability to add therapeutically relevant information to an interventional
endovascular procedure. Although there is a considerable interest in using this information in
a clinical setting, there is some resistance in the medical community, mainly due to the lack of
devices.
The purpose of our presentation will be to evaluate the use of hybrid C-arm/iMRI
systems to help overcome the shortcomings of both, MRI and X-ray alone to guide minimally
invasive procedure. Different setups of hybrid rooms will be presented. The need of x-ray as
an adjunct to verify procedural success with iMRI in patients and to manage emergency
situations will be explored. Techniques such as cone beam CT, electromagnetic needle
guidance, augmented reality, 2D-3D and 3D-3D registration methods will be discussed.
Possible and actual clinical applications will be presented.
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Objective
Ultrasound and MRI are complementary imaging modalities. US imaging provides
high temporal resolution and direct visualization of acoustic obstacles, while MRI provides
excellent tissue contrast and a confirmed method for near real time thermometry. Overall, the
expected added value of combining these two modalities would consist of more complete
description of the investigated anatomy [1,2], a more accurate targeting, efficient motion
tracking, and reliable immediate assessment of the therapeutic results. The aim of the present
work is to set-up an integrated environment for simultaneously ultrasound and MR image
acquisition, satisfying clinical standards, and to evaluate the feasibility of performing hybrid
imaging. A study on healthy volunteers is presented here with simultaneous 4DMRI/dynamic
2D ultrasound.
Materials and Methods
An MR-compatible Acuson prototype ultrasound imager (Antares, Siemens Medical
Solutions, Mountain View, CA, USA) was used with a non-magnetic CH4-1 phased array
transducer (BW from 1.8 to 4.0 MHz, multi-focal operating mode). The investigational device
is equipped with packages for abdominal imaging (real time image reconstruction and
display), colour Doppler mode and tissue harmonic imaging.
The ultrasound transducer can be used inside the magnet bore at 1.5T and 3T without a
susceptibility-artefact penalty if a minimum distance of 4 cm is allowed from the skin. The
US head was rigidly attached at the isocenter of a customised holder, manufactured with
stereo-lithography (resin) and coated with a thin aluminum layer (common ground to Faraday
cage). The transmission line of the US probe (7m long) was also entirely shielded. The holder
was filled with degassed water and the distal end was closed by a non-shielded, acoustically
transparent membrane. A second compartment was employed to provide both acoustic

Figure 1 a, b) Ultrasound transducer (EM shielded) and holder fixed on the orbital ring. The gel compartment
which provides acoustic coupling and motion decoupling is also visible.
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coupling to the skin and motion decoupling from the patient. This compartment, delimited by
a compliant membrane, contained standard echographic gel (see Figure 1).
The US transducer holder was positioned approximately at the isocenter of the magnet
(Magnetom Trio a Tim system, Siemens AG, Erlangen, Germany), fixed on an MRcompatible orbital ring that guarantees that the probe maintains a fixed position (i.e. rigid
reference frame) despite acoustic coupling with the body of the breathing patient.
The position of the US head’s holder was visualized with a high resolution T1 3D
gradient-echo (VIBE) acquisition [3,4] (1x1x1mm3 voxel size TE/TR/TA/FA/BW =2.99ms/
6.88ms/1.36min/10°/300Hz/Px).
4DMRI [5] and dynamic 2D ultrasound images were simultaneously acquired on
healthy volunteers under free breathing during 450 sec. The respiratory 4D organ motion of
the liver during free breathing was captured as previously described in ref. [5]. The volume of
interest in this acquisition protocol is covered by sagittal 2D slices, further called data slices.
The key concept of this 4DMRI method is to additionally acquire a dedicated so-called
navigator slice at a fixed anatomical position between each acquired data slice pair, resulting
in an interleaved sequence of data-, navigator-, data-slices. To generate 3D volumes out of
these 2D data slices, retrospective stacking of data slices showing the liver at a similar
breathing state is performed. The temporal correspondence of data frames is determined by
comparing the embracing navigator frames (that always depict the same anatomical location)
acquired immediately before and after the respective data frames in the interleaved sequence.
The frame similarity of the navigator slices is determined by template matching, tracking and
comparing the position of 4 regions of interest in the navigator frame.
Data slices at 30 different locations with slice thickness of 5mm were acquired during
7 minutes based on a balanced EPI kernel TE/TR/FA/BW = 1.28ms/ 2.86ms/42°/1500Hz/Px.
Each slice had 88x128 voxels and an in-plane resolution of 2.66 mm*2.66 mm. The resulting
acquisition time was 185 ms per frame, yielding a temporal resolution of roughly 3 Hz.
Real time US monitoring was performed simultaneously (f=2.2MHz) and images were
exported on-the-fly from the US scanner to an external PC (26 frames per second, 640 x 480
pixels per exported images, resolution =0.6 mm2).

Figure 2. Simultaneous US/MRI imaging. a)-c) VIBE T1w 3D MRI images showing the position of the US
transducer and its holder; b) the expected imaging plane of the ultrasound scanner, d) US image of the liver
acquired during the MRI sequence
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Results
During simultaneous US/MRI acquisition we did not detect any mutual RF
interferences. The unshielded distal tip of the US head’s holder was easily detectable in the
MRI images, without any susceptibility-related nor b1–type artifacts (Figure 2 a-c).
An example of US image concurrent with 3D T1w VIBE MRI acquisition is shown in
Figure 2d. The liver vascularization and the acoustic coupling gel are clearly visible.
The 4DMRI sequence permitted the dynamic reconstruction of the intra-abdominal
motion. A typical artifact of this balanced-EPI type sequence in the presence of field
inhomogeneities was observed in the MRI images as dark band in the liver (Figure 3 a-b). An
appropriate shim over the liver should be able to reduce it or to shift it in a marginal zone (an
example of an image with no-detectable artifacts is shown in Figure 3c).

Figure 3 a) and b) Transparent pseudo-3D image from 4DMRI reconstruction at two different respiration
phases, acquired simultaneously with the US imaging. The artifact (the dark band trough the liver) is due to the
lung-liver interface, c) same type of reconstructed MR image with no visible artifact for a different volunteer, de) US images at two different respiration phases.

Conclusion
Interference-free simultaneous acquisition of US and MR images is achievable and our
technical set-up is appropriate for clinical use. The quality of the US images will be further
improved with a wider-angle head-holder/shield. The potential field of application to
interventional MRI is significant, including motion tracking and locking during HIFU,
catheter tracking, tracking of local drug delivery from sonosensitive particles.
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Objective
To review and update the current state of the art in MR guided prostate interventions.
These interventions will be sub-divided into diagnostic procedures-Biopsy, and therapeutic
procedures, such as Brachytherapy, and various focal therapies.
Materials and Methods
In this talk the current issues of diagnosis and detection of
prostate cancer are reviewed. The limitations for current techniques are highlighted and some
possible solutions with MR imaging and MR-guided biopsy approaches are reviewed. There
are several different biopsy approaches under investigation. These include transperineal open
magnet approaches to closed-bore 1.5T and 3.0T transrectal and transperineal biopsies (Fig
1). The imaging, image processing, and tracking methods are also discussed. In the arena of
therapy, MR guidance has also been used in conjunction with radiation methods, either
brachytherapy or external delivery. The principles of the radiation treatment, the toxicities,
and use of images are outlined. The future role of imaging and image-guided interventions lie
with providing a noninvasive surrogate for cancer surveillance or monitoring treatment
response. The shift to minimally invasive focal therapies has already begun and will be very
exciting when MR-guided focused ultrasound surgery reaches its full potential.

Figure 1.

Transperineal prostate biopsy in 3.0T

Conclusion
MRI and its unique monitoring and guidance capability have so much to offer in the
diagnosis and therapy of prostate cancer. This disease has such a major impact on patients,
their families, and all aspects of the healthcare systems worldwide that it is critical that
research and clinical applications of image-guided therapy continue and become a more
widespread reality for all men. Image guided therapy continues to expand and diversify.
Multi-modal imaging devices are appearing in operating rooms with integration challenges
(Fig. 2) is one example of a new approach to this challenge.

Figure 2.

New Image guided therapy suite-AMIGO
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Role of 3D imaging with SPACE in MR guided prostate biopsy:
sequence strategies
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Objective
MR guided prostate biopsy is an upcoming new method with good results and has
been evaluated in our institute in more than 50 patients with good performance of standard 2D
T2-weighted Turbospinecho sequences (2D T2w TSE) in combination with fast imaging.
Localization and accuracy in biopsy of previously detected suspected lesions is limited
especially at 1.5 T as the interventional procedure has to be performed without use of an
endorectal coil. This reduces the image quality and results in a slightly different anatomic
positioning of the prostate. A further limitation is given by the time consuming character of
the procedure which excludes long acquisitions with excellent image quality.
Optimized sequence strategies are essential for effective and fast performance of MR
guided biopsy; 3D imaging is evaluated in this context.
Materials and Methods
MR guided prostate biopsy was performed with use of 3D imaging with Sampling
Perfection with Application-optimized Contrast using different flip-angle Evolutions (3D
SPACE) in addition to standard 2D T2w TSE before and/or after puncture. 46 specimens in
12 patients were taken.
All biopsy procedures started with T2-weighted sequences in order to localize the
position of the suspected lesion(s) known from the preceding endorectal multifunctional MRI
including dynamic contrast imaging, diffusion-weighted sequences and 3D chemical shift
imaging (spectroscopy). If the lesion was not well defined in T2-weighted images other
landmarks (cysts, stones, capsula) were used. Positioning of the cylindrical needle guide filled
with gadolinium-chelat gel during the procedure was controlled with true fast Imaging with
Steady-state Precession (trueFISP).
After biopsy the needle position was controlled before removal to prove that the target
was hit. The control sequences were performed as standard 2D T2w TSE or 3D SPACE in
axial and/or coronal plane. Image quality and delineation of the suspected lesion/landmarks
were rated.
Results
Standard axial 2D T2w TSE were compared with axial T2-weighted 3D SPACE in 9
patients and with axial views reconstructed from coronal SPACE in 2 patients, image quality
and delineation of the suspected lesion/landmarks were rated better for SPACE in 8/9 cases
with better contrast between lesion and normal prostate tissue. Reconstructed 3D SPACE
images were equal or better than axial 2D T2w TSE (Fig. 1 and 2).
After biopsy 2D T2w TSE could be compared with 3D SPACE in 15 biopsies, in one
case 2D T2w TSE was rated better than 3D SPACE with a PAT protocol, in 6 cases 2D T2w
TSE and 3D SPACE were rated equal, in 7 cases 3D SPACE was rated better than 2D T2w
TSE due to better contrast, thinner slices and less needle artifacts (Fig. 3 and 4, Fig. 4 and 5).
Coronal SPACE could be compared with coronal views reconstructed from axial
SPACE in 4 biopsies, all reconstructed images were rated equal to the original images with
regard to delineation of the lesion. Oblique reconstructions showed good depiction of needle
tip and target lesion. (Fig. 7 and 8)
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Figure 1.
T2-weighted axial 2D TSE before
biopsy with suspected lesion in the left peripheral
zone. TR/TE 4930/100, 3mm, 205x256, TA 1:53

Figure 2.
Axial view reconstructed from
coronal 3D SPACE before biopsy with lesion in
the left peripheral zone. TR/TE 1400/128,
1.2mm, 508x512, TA 3:01

Figure 3.
T2-weighted axial 2D TSE after
biopsy with needle tip in the right peripheral zone.
TR/TE 4680/100, 3mm, 205x256, TA 1:48

Figure 4.
Axial 3D SPACE after biopsy
with needle tip in the right peripheral zone.
TR/TE 1400/125, 1.3mm, 630x640, TA 2:45

Figure 5.
T2-weighted coronal 2D TSE after
biopsy with needle tip in the right lobe. TR/TE
4000/105, 3mm, 240x320, TA 1:36

Figure 6.
Coronal 3D SPACE after biopsy
with needle tip in the right lobe. TR/TE 1800/151,
1.0mm, 318x320, TA 1:57
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Figure 7.
Coronal oblique view reconstructed from coronal
SPACE. TR/TE 1900/134, 1.1mm, 317x320, TA 2:30

Figure 8.
Sagittal
oblique
view reconstructed from coronal
SPACE. TR/TE 1900/134, 1.1mm,
317x320, TA 2:30

Conclusion
3D SPACE sequences offer a timesaving possibility for fast imaging in MR guided
prostate biopsy in order to localize the target lesion and to control the needle position with
good image quality and equal or better delineation of suspected lesions or landmarks. This is
due to thinner slices, a better contrast between lesion and normal tissue and less needle
artefacts. Sufficient good quality of reconstructed images in other planes allow time saving.
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Objective
To report the feasibility, safety and initial results of MRI-guided transperineal prostate
biopsy in the lithotomy position in a 70cm bore 3-Tesla (T) scanner (Siemens MAGNETOM
Verio 3T). The proposed advantage of this method is to be able to biopsy specific targets in
the prostate that are most suspicious for cancer, utilizing fast and high-resolution, high signal
to noise scanning capabilities of 3T MRI.
Materials and Methods
Patients - Between January and June of 2010, four patients (age range: 63-73 y.o.;
weight range: 163-203 lbs.) were enrolled in a prospective clinical trial approved by the
institutional review board (IRB). Our study was Health Insurance Portability and
Accountability Act of 1996 (HIPAA) compliant. All patients had elevated serum prostate
specific antigen (PSA). Indications included: inability to obtain transrectal ultrasound (TRUS)
guided biopsy due to total colectomy (n=1), multiple prior negative TRUS biopsies (n=1),
prior prostate brachytherapy and MRI focus suspicious for recurrence (n=1), and MRI focus
suspicious for higher grade tumor than suggested at prior TRUS biopsy (n=1). All patients
had a dominant index lesion (most suspicious for cancer) on recent diagnostic 3T prostate
MRI. These had imaging features of a focus of decreased T2 signal on T2-weighted imaging
(T2WI), restricted diffusion on diffusion weighted imaging (DWI), and early phase fast
enhancement with fast wash-out on dynamic contrast enhanced (DCE) sequences.
Biopsy procedures - Written informed consent was obtained. A prostate intervention
table (designed and fabricated by the authors) with leg holders was placed onto the MRI
scanner table. The patient was positioned in the lithotomy position on this table. The scrotum
was taped away from the perineum and surface coils (Body Matrix and Small Flex Coil,
Siemens) were placed over the lower pelvis anteriorly. First the table was moved into the
scanner’s imaging center spot and then all the way to the backside of the gantry (Fig. 1a).
Here, the perineum was prepped in the usual sterile fashion and a sterile needle guidance
template was placed up against the perineum (Fig. 1b). Table was then moved back into the
gantry to have the prostate gland at the imaging center spot; it did not have to be moved again
(Fig. 1c).
Fast spoiled gradient echo (SPGR) imaging (20 sec) was performed through the
template and used to calibrate and map the needle holes on the template to their imaging
coordinates. Then, turbo spin echo (TSE) T2WI (3 min) was performed through the prostate
gland. These images were transferred to the lesion targeting and needle placement planning
software (3D Slicer) where T2 signal abnormality based index lesion in the prostate was
marked as target. A comparative target was also chosen from the contralateral normal prostate
tissue. At this point, preprocedural DWI apparent diffusion coefficient (ADC) map and
pharmacokinetic analysis map of DCE imaging were fused with intraprocedural T2WI using
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deformable registration. These provided two additional targets from the index lesion:
restricted diffusion target and abnormal enhancement target. After selection of targets,
software computed access to these targets by prescribing location of needle hole on the
template and needle depth. Utilizing this information, needles were placed and location
confirmed using real-time gradient echo (GRE) imaging. Using MRI-compatible 18-gauge
spring-loaded side-cutting needle device (EZ-EM), two core samples were obtained from each
target and sent for pathological analysis in formalin.
Procedures lasted 1-2 hours and were performed with intravenous procedural sedation
as well as local anesthesia. After a two hour postprocedural observation, all patients were
discharged home accompanied by their escort.

Figure 1. 3T MRI-guided prostate biopsy. a: Patient in lithotomy position at back-side of gantry. b:
Needle guidance template placed against perineum. c: Table moved into the gantry for imaging and needle
seen in position.

Results
All procedures were technically successful and patients tolerated the procedure well
without intra or postprocedural pain. One patient had an asymptomatic self-limited small
periprostatic hematoma on imaging. No other complications were encountered. Of three
available results, one patient with suspected recurrence after prior brachytherapy had negative
biopsy and is being followed without need for further therapy at this time. Another patient
status post total colectomy had prostate carcinoma of index lesion, Gleason score 3+3=6, and
as a result under appropriate therapy. Third patient (Fig. 2) whose prior TRUS biopsy of left
gland showed Gleason score 3+3=6 cancer had a dominant index lesion in the anterior central
gland suspected to have a higher score. MRI-guided biopsy of the index lesion proved
Gleason score 4+3=7 and this changed patient’s management from brachytherapy to hormone
deprivation and external beam radiation therapy. All comparative biopsies from contralateral
prostate tissue in all three patients were negative for cancer.
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Figure 2. MRI-guided biopsy of 73-y.o. man with prostate cancer. (A) Intraprocedural T2WI shows anterior
central gland index lesion (arrow). (B) Preprocedural diagnostic MRI k-trans enhancement map registered to
intraprocedural T2WI for further target selection. Coronal (C) and axial (D) real-time GRE imaging for
needle (arrow) placement and confirmation.

Conclusion
Transperineal targeted prostate biopsy in the lithotomy position is feasible and safe in
wide-bore 3-Tesla MRI. The procedure is well tolerated, takes advantage of fast highresolution scanning and can yield clinically useful results in patients with a dominant index
lesion on MRI.
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Objective
Prostate cancer is the most common cancer among men in the United States [1].
Diagnosis and staging of prostate cancer, as well as localized treatment, such as radioactive
seed implantation (Brachy-therapy) [2], all rely on accurate tumor localization and
characterization. Endorectal coil MRI has 4-6 times the Signal-to-Noise-Ratio (SNR) of
surface coil MRI, allowing for better spatial and contrast resolution, which enables accurate
tumor localization and staging. However, due to patient discomfort or co-existing medical
conditions, many patients move during the long (>30 min) scans, resulting in unwanted
motion artifacts and in-accurate diagnosis. Bladder motion or peristaltic bowel motion can
also cause motion artifacts. The study objective is to create an artifact-free, high-resolution,
prostate imaging application using a novel MR imaging & positional tracking coil assembly,
combined with novel MRI pulse sequence development.
Materials and Methods
Hardware Design - A commercial endorectal coil (Medrad, Pittsburgh, PA) was
converted into an assembly that adds the MR-tracking coils. Each tracking coil is a small
solenoid coil, 2mm in diameter and 4 mm in length. Four tracking coils are fixed on to the
corners of a Tetrahedron (Fig.1a), which is placed on the back plane of the commercial
endorectal RF coil (Fig.1b). The tetrahedron tracking-coil geometry was chosen, since its
equilateral design captures the three vectorial (x, y, z) directions equally, and as such provides
superb determination of translation in, and rotation about, these directions. The entire tracking
and imaging assembly is mounted on the inner surface of a water-tight rubber cover (Fig.1c).
The tracking tetrahedron is folded during rectal insertion, so as not to increase the assembly
size. The folded tetrahedron is expanded when the assembly is deployed in the rectum, at the
prostate-gland height, utilizing a pressurized water line (Fig 1c), which is connected to an
expandable coronary balloon catheter, Fig.1b. Each tracking coil is connected to an
independent MRI RF receiver channel. Each channel is tuned to 50 ohms and matched to the
MRI resonance frequency, and is actively decoupled with pin diodes, to enable high (>200)
tracking SNR at sub-millimeter spatial resolution, and at 20 frames-per-second (fps).
a

b

c

Figure 1.
a: 3cm-diagonals Tetrahedron with 4 tracking coils (dotted red lines) on its corners.
b: Tetrahedron integrated with an endo-rectal imaging coil. A balloon (arrow) expands the tetrahedron.
c: Prostate coil enclosure with assembly (b) inside.
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Position Tracking - The position-localization capability of the MR-tracking coils is
based on varying the magnetic field using pulsed gradients (MR-Tracking). When a gradient
is applied, the magnetic field varies monotonically with position along that specific axis.
Since a small tracking coil has a highly restricted spatial sensitivity, the power spectrum that
the tracking coil receives shows a single sharp peak, the frequency of which indicates the
location of the coil in that direction[3,4]. To detect this location, we use a tracking sequence
(Fig. 2a) which includes a nonselective RF pulse, followed by a gradient readout along a
certain spatial axis. In our specific implementation, a spoiler gradient [5], in an orthogonal
axis, is used to eliminate background signal originating from the tracking-coil’s coupling to
the adjacent imaging coil, which has a large-receive-volume, while preserving the signal in
the localized receive volume of the tracking coil (Fig.2b). The peak location of the Fouriertransformed signal provides the coil location (Fig.2b). The three-dimensional (3D) coil
location can be detected by applying gradients in all three axes (Fig.2a), leading to the
determination of both translation and rotation of the Tetrahedron (Fig. 2c) using Least Mean
Square method [7].
a
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c

Figure 2.
a: Tracking sequence. b: Example of tracking signal from one tracking coil, in proximity to an
imaging coil, with (red) and without (blue) spoiler gradients employed. c: 3D detection of rotation and
translation, with the position before and after movement denoted by the red and blue tetrahedra, and green is
the tetrahedron after motion correction, which aligned with red.

Prospective Motion Correction - A standard commercial Gradient Echo (GRE) MRI
pulse sequence was modified to include the tracking sequence, which is interleaved with the
imaging segments. Tracking segments detect the object’s position/orientation in real-time,
which is then sent to the successive imaging segments for prospective motion correction.
Three main modules were integrated into the GRE sequence, a Motion Correction module, a
Re-acquisition module and a Stabilization module. Fig. 3 is a flow chart of the correction
technique.
The Motion Correction module of the software is used for imaging-geometry
adjustment. Before each imaging segment, motion parameters from the tracking computer are
updated and transferred to the scan computer through RTHawk in real-time [6]. To correct for
rotation, the gradient rotation matrix needs to be adjusted; to correct for translation in the slice
selection and read-out direction, the RF transmit and receive frequencies need to be adjusted,
respectively; to correct for translation in the phase-encoding direction, the receiver phase
needs to be adjusted [7].
The Re-acquisition module adds robustness to the prospective motion correction
system. The motion parameters acquired after the imaging segment are compared with the
ones obtained before the segment. If motion exceeds a preset threshold, the acquired k-space
lines in this segment are discarded, since motion occurred during the acquisition period,
which would have made this data prone to motional-artifacts, and the same k-space segment is
re-acquired. Otherwise, the scan progresses to the next imaging segment.
The Stabilization module improves scan efficiency. The imaging segment is skipped if
motion is severe, when the tracking segment detects large and/or high-temporal-rate motion,
the tracking segment is repeated, without imaging, until the motion falls below a preset
threshold. This serves to increase scan efficiency, since acquisition time is not wasted as a
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result of imaging during severe motion periods. Only tracking is performed, which is a far
faster process, as well as a necessary process in order to detect the exact end of the rapidmotion time period, which indicates that scanning should re-start.
start
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Keep tracking
until stablized

Tracking(ref)

Motion Correction Module

end
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Scan
parameters
adjustment
using (ref-out)
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(confirmout)>threshold?
No
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Results
Figure 3.

Flow-chart of motion tracking and prospective motion correction.

The experiments were performed on a GE (Milwaukee, WI) 1.5T scanner. The
prospective motion correction system was tested on an ex-vivo goat prostate. A motor was
used to move the prostate during the scan with 10mm displacement in one dimension (Fig.
4c), with rapid motional periods followed by relatively quiet periods, mimicking the
inspiration and expiration periods of the respiratory cycle. The tracking sequence tracked the
motion at 20fps. Imaging was only performed when MR-Tracking detected ˝quiet˝ periods
(plateau periods in Fig. 4c), where motion is smaller below a preset threshold, which, in this
case, was set to 0.5mm. Most data acquired during rapid motion (Fig. 4c sloped regions) was
discarded. The acquired high-resolution images show substantial improvement with the
proposed method (Fig. 4a, b).

a

b

c

Figure 4.
Ex-vivo prostate high-resolution imaging (0.4x0.4x3mm). a: Moving without correction.
Note severe artifacts (arrows). b: Moving with correction. Artifacts are largely suppressed. c: The motion
detected from MR-tracking, during scans (a) and (b). The small residual motion artifact in (b) (arrow) will
be addressed in the near future.

Conclusion
The proposed prospective motion correction, using a tetrahedron tracking array, is
accurate and robust to remove motion artifacts for high-resolution endorectal coil MRI.
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Objective
Prostate cancer is the second most common cancer in American men. In 2005, the
American Cancer Society (ACS) estimated that 232,090 new cases of prostate
adenocarcinoma cancer (PAC) in the United States alone [1]. However, prostate cancer
recurrence after definitive therapy can be as high as 25% after 15 years [2]. Local recurrences
of PAC are associated with a significant risk of disease progression [3]. The current standard
of therapy is radiation therapy, but the local tumor control rate with irradiation for palpable
recurrence in patients who have undergone radical prostatectomy ranges from 58-100% [4].
Detection of these recurrences can be achieved using serial PSA coupled with dynamic
contrast enhanced (DCE) MRI [5]. Our hypothesis is that MR-guided cryoablation can be
used for prostate bed PAC recurrence to perform a precise image-guided focal ablation.
Materials and Methods
This is a retrospective review under IRB approval of two patients with prior RRP and
dynamic contrast enhancement(DCE) MRI abnormalities in the prostate bed subsequently
found to be biopsy-proven recurrent prostate adenocarcinoma treated using MR-guided
cryoablation (2 patients) (Galil Medical, Minneapolis, MN). Lesions ranged from 9-17mm
and were located in the prostate bed. Patients had no known other metastases at the time of
treatment. The two patients were treated using a wide-bore 1.5T MRI (Siemens Medical,
Malvern, PA). For either ablation method 2-3 probes were used in each case. Probes were
placed in position under intermittent MR guidance. A MRI compatible urethral warming
catheter (Galil Medical, Minneapolis, MN) was used to prevent urethral thermal damage
during the ablation. Sequential intra-procedural MR imaging was used during the procedure to
monitor ablation zone growth with procedure treatment duration determined by ablation zone
coverage of the lesion.
Results
Both patients with recurrent prostate cancer in the prostate bed were successfully
treated with MR-guided cryoablation. Figure 1 demonstrates images from a patient treated
with MR-guided cryoablation. Panel A demonstrates contrast enhanced CT revealing
abnormal enhancement anterior to the urethral anastomosis (Green arrow). Panel B is a
dynamic contrast enhanced MRI with endorectal coil showing similar results with better
delineation of tumor margin (Green arrow). Panel C demonstrates sagittal image during MRguided probe placement (Green arrow) anterior to the urethral anastomosis from a retropubic
approach with the urethral warming catheter also in place (Red arrowheads). Panel D
demonstrates final tip position after placement of two retropubic probes (Green arrow). Panel
E shows axial image of maximal iceball formation from the two probes anterior to the urethra
(Blue arrows) and urethra posterior to the ablation zone (Red arrowhead). Intraprocedural
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MR monitoring with ice ball growth imaging allowed tailoring of treatment duration to lesion
size. Immediate post-ablation DCE MRI (Panel F) demonstrated no definite residual tumor
enhancement (Blue arrows) with urethra just posterior to the ablation zone (Red arrowhead).
All patients retained continence and potency after the procedure similar to their preprocedural
baseline.

Figure 1.
MR-guided Cryoablation in a patient with recurrent prostate adenocarcinoma. Panel A is a
axial CT showing recurrence (green arrow). Panel B is a contrast enhanced axial MRI showing recurrence
(green arrow). Panel C (sagittal) and D (axial) are MR images during placement (green arrowing denoting
probe tip and red arrowheads denoting urethral catheter). Panel E is a axial MRI during iceball formation
(blue arrows denote ice formation and red arrowhead denotes urethra). Panel F is contrast enhanced axial
MRI after cryoablation (blue arrows denoting lack of enhancement and red arrowhead denotes urethra).

Conclusion
These are the first known cases of salvage MR-guided cryoablation therapy for PAC
recurrences. These demonstrate feasibility and safety of MR-guided cryoablation in the postsurgical prostate bed.
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Objective
As high-dose radiotherapy becomes standard of care for prostate cancer, modern
techniques strive to limit the incidence of adverse effects on adjacent organs at risk of injury.
A current solution involves the insertion of gold fiducial markers at the prostate gland
boundaries for accurate daily radiation delivery to whole-gland targets. The current standard
for biopsy and fiducial marker placement guidance is transrectal ultrasound. Multi-parametric
MRI was shown to identify regions of tumor-dense burden of disease within the prostate [1],
and thus potentially allows for better guidance of fiducial markers and biopsy needles. Here
we report technical and first clinical performance of a supine MRI guided transrectal system
for biopsy and fiducial marker placement. Biopsy prior to radiotherapy allows for
confirmation of underlying histopathological grade using targeted sampling of the most
tumor-dense subregion of the gland, and permits further biological characterization in
individual patients for appropriate dose painting. Fiducial markers can be left to identify these
regions during therapy, and for subsequent sampling and tissue monitoring of response. This
paper reports the first supine transrectal clinical experience in a regular sized MRI scanner.
Materials and Methods
The system utilizes a dedicated interventional MRI table (Sentinelle Medical Inc,
Figure 1), which provides access to the rectum in a stable supine patient position within a
1.5T GE Signa scanner, and a needle guidance device, called APT-MRI (Access to Prostate
Tissue under MRI Guidance) [2,3]. The procedure involves multiparametric diagnostic
imaging of the prostate gland, registration of the APT device, navigation tools for needle
guidance, and 3D needle verification imaging.
Patients were imaged using the single channel integrated endorectal coil of the APT
device with a torso-phased array placed anterior and posterior to the pelvis. The imaging
examination included the following acquisitions: conventional diagnostic axial T2-weighted
FSE acquisition (TE/TR =96/3450ms, 320x256 over 16cm); dynamic contrast-enhanced
(DCE) MRI (3D SPGR, TE/TR=2/4.2ms, 256x128 over 18cm, temporal resolution 8 s, scan
time 5 min during bolus infusion 3cc/s of Gd-DTPA); diffusion-weighted MRI
(TE/TR=62/5575ms, 256x256 of 16cm, b=0, 600s/mm2); sagittal fast spin echo (FSE) for
device registration (TE/TR=92/700ms,256x256 over 24cm), and interventional needle
verification imaging (FSE TE/TR=87/3800, 320x224 over 14cm).
The APT device shown in Figure 1 employs two gadolinium fiducial marker tubes
incorporated into the main axis of the device and two marker tubes placed parallel to the
needle channel. A thin slab of sagittal images in the plane of the markers is obtained allowing
for fast precise segmentation of the fiducial marks. The position of the two axes can then be
calculated, defining the position of the device. The three degrees of freedom to reach a target
from this initial position are rotation of the probe, pitch of the needle angle and insertion of
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the needle. Rotation and needle angle are encoded by scales on the actuation knobs on the
back of the device. Insertion of the needle is adjusted, using the scale on the needle. The APT
device is mounted on an immobilization arm positioned on a rail on the interventional table.
The table has been designed to provide ample room for perineal exposure and operative space.
Patients with high-risk localized prostate cancer planned for high-dose radiotherapy
under fiducial marker guidance were enrolled on a prospective clinical trial. Prior to initiating
neo-adjuvant hormonal therapy, patient received an injection of Pimonidazole 16-24 hours
prior to the interventional procedure. In a single integrated diagnostic imaging, biopsy, and
fiducial marker placement procedure, 2 biopsy cores with an 18g needle (InVivo, Germany)
were taken and 4 gold markers were placed under navigation software guidance (Aegis,
Sentinelle Medical Inc.). Core samples were obtained from suspicious areas identified on
MRI, and from a non-suspicious control region. Three gold markers were placed at the
superior/inferior/posterior boundaries of the prostate gland to mark prostate location, with the
4th fiducial marker placed in the center of the largest tumor.
After the third patient, the APT device was consequently used for injection of local
anesthesia (10 ml Bupivicaine at right and left base) to reduce patient discomfort during
needle insertion and associated patient motion.
Results
To date six patients received MRI-guided prostate biopsy and fiducial marker
placements and have proceeded to high dose radiotherapy under fiducial marker guidance.

Figure 1. Dedicated interventional MRI table assembly providing ample access for prostate biopsy and
fiducial marker placement with the APT device in stable supine position.

Figure 2 shows a case example of tumour detection and successful biopsy of a large
hypoxic tumor in the right peripheral zone. The lesion demonstrated marked hypointensity on
T2 images, reduced diffusivity on ADC map, and reduced perfusion on DCE during early
time point. Needle verification confirmed subsampling of the tumor, and Pimonidazole
staining reveals adenocarcinoma Gleason score 4+5 with evidence of tumor hypoxia on
Pimonidazole staining.
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The procedure has been successfully integrated in the radiotherapy planning process.
Image quality is consistent with that obtained from standard diagnostic endorectal
examinations. Other than discomfort with needle insertion and with prolonged
immobilization, no adverse events have been observed. We have observed marked variability
in cancer biological characterization, lending promise to this approach for individualized
radiotherapy delivery plans.
Patient discomfort and motion was successfully reduced with administering of local
anesthesia.

a a a
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Figure 2. Case example of a large hypoxic tumor in the right peripheral zone demonstrating marked
hypointensity (T2 in a), reduced diffusivity (ADC map, b) and reduced perfusion (DCE early time point, c).
Needle verification (d) confirmed subsampling of the tumor, and Pimonidazole staining reveals
adenocarcinoma Gleason score 4+5 with evidence of tumor hypoxia on Pimonidazole staining (e, f).

Conclusion
We reported the results of initial clinical procedures to evaluate the feasibility of
performing prostate interventions with the proposed system in a stable supine patient position
for prostate cancer radiotherapy. No severe adverse events have been observed. We have
observed marked variability in cancer biological characterization, lending promise to this
approach for individualized radiotherapy delivery plans. Targeting accuracy and procedure
times will be reported at the symposium.
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Objective
Despite rationale and enthusiasm for distinguishing regions of tumor burden within the
prostate gland for specific therapeutic intensity, robust methods and tools for clinical
translation have not yet matured. While multi-parametric MRI can accurately identify regions
of tumor-dense burden of disease within the prostate [1], its performance in delineating the
boundaries of tumor targets for focal therapeutic intervention has not been determined. Here
we report updated technical and clinical performance of a needle navigation system where
pathologically referenced multi-parametric MRI guidance improved the determination of
tumor boundaries, and enabled tumor-targeted HDR brachytherapy.
Materials and Methods
The navigation system utilizes a dedicated interventional MRI table (Sentinelle
Medical Inc), which provides access to the perineum in a stable supine patient position within
a 1.5T GE Signa scanner, and a stereotactic transperineal template assembly. The procedure
involves multiparametric diagnostic imaging of the prostate gland, registration of the
stereotactic system, navigation tools for needle guidance, and 3D needle verification imaging.
Patients were imaged with a torso-phased array placed anterior and posterior to the
pelvis and an MRI endorectal coil (MEDRAD MRInnervu) attached to the template assembly,
inserted in the rectum, and locked to the table using an immobilization arm. The imaging
examination included the following acquisitions: conventional diagnostic axial T2-weighted
FSE acquisition (TE/TR =96/3450ms, 320x256 over 16cm); dynamic contrast-enhanced
(DCE) MRI (3D SPGR, TE/TR=2/4.2ms, 256x128 over 18cm, temporal resolution 8 s, scan
time 5 min during bolus infusion 3cc/s of Gd-DTPA); diffusion-weighted MRI
(TE/TR=62/5575ms, 256x256 of 16cm, b=0, 600s/mm2); magnetic resonance spectroscopic
imaging (MRSI) (PROSE TE/TR=130/1000, 7.5mm voxel resolution); SSFP imaging of the
template system for registration (FIESTA TE/TR=1.7/5.8ms, 256x256 over 20cm), and
interventional needle verification imaging (FSE TE/TR=87/3800, 320x224 over 14cm).
Patients with suspicion of local recurrence after radiotherapy were enrolled on a
prospective clinical trial of 6-12 18g needle (InVivo, Germany) core MRI-guided biopsy,
under navigation software guidance (Aegis, Sentinelle Medical Inc.), where a single
integrated diagnostic imaging and biopsy procedure was performed under propofol sedation.
Core samples were obtained from tumors identified on MRI, and from all non-suspicious
sextants.
Those patients with visible and histologically referenced focal recurrences were
eligible for tumor-targeted salvage HDR brachytherapy, each receiving two fractions (11Gy)
over 14 days (Nucletron).
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The accuracy of MRI alone in localizing sites of recurrence within the prostate was
assessed with two independent observers delineating of regions of interest (ROI) on
diagnostic MR images which were then correlated with the mapped core biopsy results.
The tumor target was defined as the shared boundary of suspicious MRI features and
malignant biopsy cores mapped onto T2-weighted images using a) MRI reference coordinates
where no displacement/deformation was observed, b) rigid point-based registration where
displacement was present, and c) a biomechanical model-based deformable registration
technique (MORFEUS) where needles deformed the prostate gland. [2] Common 3D points
in the prostate were identified to confirm the accuracy of registration.
Data analysis used MIPAV (NIH, Bethesda, MD) for manual segmentation and
analysis of ROI volumes.
Results
Twenty patients (age 60-83, mean 73yrs) received MRI-guided prostate biopsy at
biochemical failure 2-11 years after radiotherapy (mean 6.6 yrs), and 6 patients have
proceeded to salvage HDR brachytherapy to date. Most (17/20) were found to have local
recurrence, including 13 patients with confirmed focal tumor visible on MRI and amenable to
local salvage. Mean absolute in-plane stereotactic needle targeting accuracy was 2.2mm (SD
0.7mm) with a small but systematic posterior bias, and biopsy core co-registration accuracy
was sub-voxel. Excluding the first two patients, mean diagnostic MRI + biopsy procedure
time was 79 min (58-107 min), while the mean imaging time for brachytherapy catheter
insertion was 95.5min (77-122 min).

Figure 1. Dedicated interventional MRI table assembly providing pelvic access for stereotactic needle
guidance during integrated diagnostic imaging and biopsy/brachytherapy

Accuracy of MR localization of intra-prostatic recurrence was assessed in 15 patients.
19 and 21 ROI volumes respectively were delineated by 2 independent blinded observers.
Accuracy statistics for both observers are summarized in table 1 below. Based solely on MR
findings, 3 patients were incorrectly diagnosed with local recurrence by both observers. 3/15
and 4/15 patients had at least one tumor-bearing biopsy core outside of observer delineated
ROI volumes, but improved to 1 & 2 patients when 5mm axial expansion around the ROIs
boundary was allowed.
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Table 1 Multi-parametric MRI accuracy

Observer 1
Observer 2

Sensitivity Specificity PPV
0.71
0.71
0.65
0.8
0.79
0.75

NPV
0.79
0.83

Needle core histological maps led to a change in tumor target boundary in 6 patients
treated with salvage HDR, where the tumor target was enlarged in 4/6 patients. Tumor targets
for HDR brachytherapy ranged from 1.2-4.3cc, representing 5.9-18% of the prostate volume.

a a

b

Figure 2. (a) Navigation software (Aegis, Sentinelle Medical
Inc.) displaying needle target (green) onto diagnostic T2
images, (b) needle verification images documenting actual
location of 3 biopsy needles (signal voids R and L) in
reference to intended target (green)

Figure 3. Map of benign (green),
malignant-dense
(red),
malignantmicrofocus (pink), and indeterminate
(white) biopsy cores in reference to
imaging features suspicious for tumor
on DCE (light blue), ADC (purple), and
T2 (royal blue). In this case, the
boundary of the T2-visible tumor was
later revised posteriorly based on a
benign biopsy core in this region,
thereby reducing the target volume for
salvage HDR brachytherapy

Conclusion
The feasibility of integrating pathologically referenced multi-parametric MRI for
online guidance of HDR prostate brachytherapy is demonstrated. The accuracy of MR
localization of intra-prostatic recurrence in this study is comparable between observers,
consistent with previous published reports, and improved by the addition of a small
uncertainty margin. The value of 3D imaging to document actual location of biopsy cores in
reference to anatomic boundaries cannot be overstated. Biopy data resulted in changes to
HDR plans for all 4 patients treated, and potentially prevented inapproapriate local salvage in
3 patients. Online MRI needle guidance systems with accurate and responsive navigation
help better define cancer features on MRI and enable tumor-targeted diagnostics and
therapeutics.
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Purpose
It is a most important procedure to detemine the appropriate needle path for
microwave liver ablation. Surgeon has to select the proper insertion route in order to avoid
injuries to the lung, large vessels and bile ducts. We realized an intra-operative magnetic
resonance image-guided microwave ablation system. However, the success of these
procedures depends on the accurate and safety of needle placement. To assist this process, we
have developed a portable motorized manipurator competent for the clinical use. In this study,
we evaluated the efficacy of the liver ablation therapy with a moterized manipurator under
magnetic resonance image guidance.
Methods
Patient - Thirteen cases of hepatocellular carcinoma and ten cases of metastatic
tumors were treated with microwave ablation, using a new moterized manipurator under MRI
guidance at Department of Surgery, Shiga University of Medical Science.
Motorized Manipulator - The manipurator consists of a passive end effecter with
unconstrained two-degree-of-freedom rotation measured by optical fiber sensors and threedegree-of-freedom active XYZ-base stages with three ultrasonic motors (Fig.1). The target
position determined from 3D volume data was instructed to the robot. The motorized three
base stages kept the needle tip position at the defined point using remote-center-of-motion
constraint. The end effecter can be separated from the robot arm. A specially designed hand
piece of the optical tracking system can be also attached to and detached from the end effecter
easily.
MRI Navigation - All procedures were carried out on a 0.5T vertically oriented open
MRI scanner (SIGNA SP/i, GE Medical Systems, Milwaukee, WI, USA) . Real-time MR
images sampled by a matrix of 256 x 128 pixels with a SPGR protocol (TR/TE 14/3.4 ms at a
refresh rate of 2 sec/image) and the scan plane is prescribed in reference to the position and
orientation of the tracking point by the optical tracking system (Flash Point 5000TM system,
IGT, Boulder, CO, USA). We deveroped the original MRI navigation system which consists
of a personal computer. The virtual liver image was reconstructed of a previously acquired
MRI or CT image. The composite image which contains the virtual slice image, real time MR
image and virtual 3D image is shown on the LCD monitor in the bore of MR scanner .
Microwave Ablation - Microwave coagulator (Microtaze, OT110M, Alfresa, Osaka,
Japan) was used as the thermo-ablation device. The freqency of microwave is 2450MHz. The
procedure was carried out under general anesthesia. MR compatible needle-type electrode
(250 mm long, 1.6 mm in diameter) was introduced into the liver through an MR-compatible
14G needle (Daum Corporation, Chicago, IL) under MR image guidance and the remotecenter-of-motion constraint robot. Microwave ablations at 60 W for 60 seconds were repeated
several times depending on the size of liver tumor.
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Results
In the all cases, the procedures were performed successfully without significant
complication. Surgeons could easily select the needle path by controlling the orientation of
the effecter while monitoring continuously acquired MR images. The average of operation
time for these cases with moterized manipurator was 129 minutes. On the contrary, the
average of operation time for 22 cases without moterized manipurator was 169 minutes.
Conclusion
The moterized manipurator enables the procedures of the intra-operative MR image
guided liver ablation to be more accurate and safe than the conventional non-assisted freehand
techniques has been previously possible.

Fig. 1. Open MRI and Motorized Manipulator

Fig. 2. Comparison of the operation time
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High field DTI data in the setting of real time intraoperative low
field MRI for millimeter scale guidance—effects of mechanical
tissue distortion by surgical instruments
A. G. Filler
Institute for Nerve Medicine, Santa Monica, California, USA

Objective
Intra-operative surgical guidance at millimeter scale is subject to a variety of
limitations when DTI projected into neuronavigation frames is employed. It is conventional to
consider the effects of “tissue shift” on a semi-static basis, however, the dynamic effects of
the instruments themselves upon the tissue shape become increasingly important at the
millimeters scales desired in DTI guidance. Small tissue movements associated with basic
mechanics of tissue manipulation during interventions causes small scale movement that may
be greater than the precision level sought.
Materials and Methods
For a simple model to explore solutions to this problem, data derived from DTI in the
original DICOM frame was used for nerve identification prospectively in 150 real time iMR
guided percutaneous nerve interventions in the posterior pelvis. DTI data and neurography
data were obtained in a 1.5Tesla GE imager and procedures were performed in a Philips
Panorama 0.23 T interventional MRI system use FFE (Fast Field Echo) imaging with 12
second acquisition time. The operator watched a screen while advancing percutaneous devices
inside the patient while also observing mapped DTI data on previously obtained image cross
sections.
Results
For peripheral nerve, real time iMR millimeter scale guidance proved reliable and
effective. Motion of target structures caused by the approaching interventional device were
readily accommodated. Larger nerve structures such as the sciatic nerve are readily identified
on T1 axial FFE images. However, complex tissue distortions along the course of the
instrument proved difficult to accommodate by image fusion or software deformation. In
addition, the study showed how relative tissue movements during manipulation can move and
redirect the instrument direction when observed in real time MRI. DTI data proved essential
for identification of small nerve branches and confirming their distinction from small vessels,
but only real time MRI Intraoperative acquisition proved effective for adjusting the
intervention to the tissue distortions.
Conclusion
DTI can be applied for millimeter scale real time Intraoperative MR guidance by
mapping DICOM frame diffusion source data onto anatomical structures then following those
structures in real time. However, tissue distortion and movement is complex when observed in
real time and may tend to defeat the utility of neuronavigation schemes and tissue distortion
mapping schemes when high precision image guidance is required. The study confirms tissue
movement scales that would tend to make neuronavigation algorithms contra-indicated for
some high resolution DTI guidance tasks.
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Figure 1.
Image series obtained in a Panorama 0.23T interventional MRI system, FFE (fast field echo). A
22 gauge titanium Lufkin needle is advanced towards pudendal nerve at the obturator internus muscle (O.I.) with
forward pull of tissues, followed by a reversal to reposition. In blow up A1 and B1, the ischial tuberosity (I.T.)
and femoral neck (F.N.) are used as fixed references to show the linear movement of the skin and outer muscle
surface of nearly two centimeters between maximal inward distortion and maximal outward distortion during the
procedure. A2 and B2 show the linear extent of the gluteus maximus (G.M.) muscle varying by about 1
centimeter. The discrepancy results because the muscle moves to the left when the needle is advanced and to the
right when it is withdrawn. The discrepancy between muscle extent and skin position is due to bulk movement of
the muscle. The overall distortion results from differential shape distortions of the various tissues as well from
bulk movement relative to a fixed reference frame provided by the skeletal structures. In addition the shape and
proportion distortions have the effect of deviating the direction of the linear needle.
179

P-03
An optimized implantation system for MRI-guided neuro
interventions: preliminary evaluation of targeting accuracy
A. J. Martin 1, P. A. Starr 2, G. Bates 3, L. Tansey 3, R. M. Richardson 2, P. S. Larson 2
Departments of Radiology and Biomedical Imaging 1 and Neurological Surgery 2
University of California, San Francisco, San Francisco, CA, USA
3
SurgiVision, Inc, Irvine, CA, USA

Objective
Deep brain stimulation (DBS) electrode placement using interventional MRI has been
previously reported using a commercially available skull mounted aiming device and native
MRI scanner software (1,2). This first-generation implantation system has technical
limitations that are inherent to the hardware and software used. A novel system consisting of
an aiming device and software has been developed specifically for neuro iMRI procedures.
Our objective was to test this implantation system on a series of phantom and cadaver tests to
determine the system’s technical capabilities and targeting accuracy.
Implantation System
The implantation system (ClearPoint; SurgiVision, Inc, Irvine, CA) is based on a
specially designed trajectory guide with customized control software (SW).
The
methodologies developed for ClearPoint are based on those previously described for use with
the NexFrame (Medtronic-IGN, Melbourne, FL) (1), but have some significant differences.
Notably, the new implantation system comes with dedicated software and features a trajectory
guide with substantial functional enhancements and a narrower lateral profile. The trajectory
guide (Figure 1) is a burr hole mounted device that permits
motion in four independent directions. The device contains an
MR visible targeting cannula, which has a spherically shaped tip.
Two degrees of motion (pitch, roll) pivot the frame around this
fixed point in orthogonal directions. The other two sets of
controls (X,Y stage) prescribe parallel trajectories and have
much finer sensitivity. The targeting cannula has an open central
channel through which a rigid mandrel may be inserted.
The SW exists on an external workstation with a slave
monitor within the magnet room. The software communicates
with the host computer of the MR system via a network link over
which DICOM data is sent. The general workflow is divided
into three different sections: burr hole planning, target selection
and trajectory visualization, and alignment of trajectory guide
and insertion monitoring. Importantly, adjustment of the Figure 1. The trajectory
trajectory guide is geared and the SW reports the number of gear guide used with the
implantation
rotations required to make a desired trajectory adjustment. Thus, ClearPoint
system.
real time imaging is not necessary during alignment.
Materials and Methods
The implantation system described above was used in an assortment of phantom and
ex vivo tissue studies to validate the approach and to determine the achievable targeting
accuracy. All imaging was performed on a 1.5T MR system (Philips Achieva, Cleveland,
OH) and two flexible 20 cm diameter surface coils were placed laterally on the
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phantom/cadaver, such that they covered both the target regions and the external trajectory
guide.
Evaluation of SW Predictions - ClearPoint SW makes predictions about targeting
error both while making pitch and roll adjustments as well as during adjustment of the X-Y
stage. The former utilizes geometric information about the position of the pivot point and
remote aspect of the targeting cannula, while the latter features an automatic fitting and
projection tool that extends a ray from the externally visible alignment indicator into the
brain. We evaluated the accuracy of these predictions on a cylindrical phantom that was filled
with water. Two trajectory guides were mounted on the phantom in a bilateral fashion and
ceramic mandrels were inserted into the phantom to a depth of >90 mm. A target point was
selected directly on the ceramic mandrel at a depth of 90 mm and thus the SW should report
no error. At total of 9 bilateral procedures (18 targets) were simulated with varying trajectory
angulations to determine the predictive accuracy of the software.
Phantom Accuracy Assessment - A trajectory guide was mounted on a gelatin-filled,
skull shaped phantom (Figure 1) containing eight discrete targets at depths consistent with
deep brain structures. The skull phantom was secured to the MR table top with a head
fixation frame and targets ipsilateral to the trajectory guide’s mounting were approached. A
total of 16 unilateral procedures were performed over four separate imaging sessions to
evaluate targeting accuracy.
Cadaver Comparison Studies - A series of three cadaver studies were performed by
three different neurosurgeons of varying experience levels with the device. In each case a
cadaver head was prepared in a manner analogous that previously reported (2). Two
unilateral procedures were then sequentially performed; one utilizing the original NexFrame
trajectory guide and following previously described methodologies (1,2) and the other
utilizing the novel ClearPoint approach. In each case a target approximating the sub-thalamic
nucleus (STN) was selected for the first procedure and a symmetric target with respect to the
mid-sagittal plane was selected for the subsequent procedure. Each cadaver study was
performed by a different neurosurgeon and the order in which each unilateral procedure was
performed was alternated. Targeting accuracy and procedure duration were assessed.
Results
Evaluation of SW Predictions - A total of 18 different device angulations were
evaluated with coronal angulations ranging from 9.5-25.60 and sagittal angulations ranging
from -4.3-11.600. A volumetric
scan
was
acquired
that
demonstrated the orientation of the
trajectory guide and visualized the
ceramic mandrel, which was preinserted to provide its true position.
Targets were defined on the visible
ceramic mandrel at a depth of 90
mm and the reported projection
errors were quantified for both the
pitch/roll and X-Y translation
stages of the procedure. At the
pitch/roll stage the software
reported an average error of 0.9±0.5
Figure 2.
The phantom used for accuracy testing is
shown in coronal (left) and sagittal (right) views. The inserts
mm in magnitude. Mean pitch error
show the predicted trajectory (orange line) prior to insertion,
was -0.2±0.7 mm and mean roll
while the main panels demonstrate the actual result. In this
error was +0.2±0.7 mm, indicating
case the mandrel lies slightly medial and posterior to the
minimal directional bias. At the
predicted trajectory.
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subsequent X-Y translation stage the average reported error was 0.7±0.3 mm. There was a
tendency for the software to systematically predict that the mandrel would land anterior
(0.5±0.3 mm) and lateral (0.4±0.3mm) to its true position.
Phantom Accuracy Assessment - The 16 simulated unilateral procedures were
performed over four separate days (Figure 2). One base was found to be only loosely secured
to the skull phantom at the conclusion of the procedure and this data point was discarded.
The average radial error over the remaining 15 insertions was 0.5±0.3 mm, which improves
slightly on that reported in similar testing done with the NexFrame (1).

Cadaver Comparison Studies Insertion of a rigid mandrel to a selected
deep brain structure was achieved in six
individual implantations (Figure 3). The
average target depth was 90.4 mm. The
position of the mandrel was taken at the
geometric center of the artifact at the depth
of the selected target and radial error in this
plane was evaluated for each insertion.
Radial error was 0.2±0.1 mm for the
ClearPoint system and 0.6±0.2 mm for the
NexFrame system. Procedure time averaged
88±14min (ClearPoint) and 92±12 min
(NexFrame).

Figure 3.
Implantation procedures performed
on a cadaver head with the NexFrame (left column)
and ClearPoint system (right column). The upper
images show the external MR visible targeting
cannula at the completion of alignment, but prior to
mandrel insertion.
The lower images show
subsequent images after insertion of the mandrel.
Note that the MR visible alignment indicator has
had to be removed prior to insertion with the
NexFrame system, while it can remain in place
with the SmartFrame.

Conclusion
This novel MR guided implantation
system provides improved functionality and
workflow when compared to the firstgeneration system. Phantom and cadaver
experiments both demonstrated software
predictions of targeting error and accuracy of
the aiming device in the submillimetric
range, which is necessary for DBS
implantation.
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Objective
Contrast-enhanced breast MRI is a powerful tool for the diagnosis of cancer [1].
Breast MRI is commonly performed in prone position, because it allows better breast
coupling to coils for maximum SNR, minimizes breast motion due to respiration and reduces
the potential interference from the beating heart. However, while prone breast MRI is well
suited for diagnosis, it is less suitable for use with clinical applications such as surgery and
ultrasound guided biopsy where the intervention is performed with the patient is in the supine
position.
The goal of this project is to achieve high quality unilateral supine breast MRI as a
step towards facilitating these applications. This includes the visualization of the supine breast
MRI data in 3D to aid surgeons in pre-operative treatment planning of breast surgery.
Materials and Methods
All examinations were performed on a whole body 1.5T MR scanner (GE Signa
Excite). An MRI apparatus for unilateral breast MRI in supine positioning was developed [2].
It includes a four-element receive coil and a fixation device (Fig. 1). The coil array is
mounted on a flexible surface (Fig. 1a), which allows the modification of the coil array shape
so that it can conform as closely as possible to different breast geometries. An air gap with a
minimal width of 1 cm is always kept between the coil and the breast skin. The coil flexibility
and positioning ensure optimal coil coupling to the desired breast tissue while allowing the
patient’s breast to remain in its native supine configuration that is expected in subsequent
surgical or interventional procedures.

Figure 1. (a) Flexible supine breast coil with four elements used for unilateral supine breast MRI. The black
fixture can be bent to adapt to the breast geometry. (b) Positioning of the patient. (c) During the MRexamination, the fixture holds the coil above the breast.

During the MR examination, a pneumatic respiratory belt is used to monitor the
respiratory state of the free-breathing patient. The breast images were acquired with a fast 3D
gradient echo sequence (SPGR), which is frequently used for dynamic contrast-enhanced
(DCE) breast MRI [3]. To compensate for the respiratory motion of the breast in the supine
position, the fast 3D SPGR sequence was modified in accordance to Zonal Motion-adapted
Acquisition and Reordering Technique (ZMART), which is a combination of phase-encode
reordering and gating [4].
This pilot study was conducted under a protocol approved by the Human Ethics Review board.
183

A supine breast MRI examination was performed on the affected breast of a patient
with previously diagnosed breast cancer after obtaining informed consent.
When using the supine position, the breast is usually flattened against the chest-wall
by gravity so that an oblique coronal slice orientation provides more efficient coverage of the
entire breast and minimizes the number of necessary slice acquisitions and measurement time.
The frequency encoding direction was chosen in the left-right direction in order to avoid
artifacts aliasing from the arm and the contra-lateral breast. The imaging parameters for the
fast 3D SPGR DCE scan were: TE = 4.2 ms, TR = 6.5 ms, flip angle = 30°, bandwidth = 62.5 kHz,
FOV = 200×200
mm2,
slice
thickness = 2 mm
and
matrix size = 256×256×46. The first scan showed adequate motion compensation using only
phase-encode reordering. As a consequence, no gating was necessary during the examination.
After the injection of contrast agent (CA - Gd-DTPA), the first scan was repeated four times.
Afterwards one scan was performed with fat suppression achieved using chemically selective
RF excitation and spoiler gradients [5]. This fat suppressed scan required a longer repetition
time of TR = 16.2 ms. The fat saturated supine images were compared to diagnostic MR
images (bilateral scan, fat saturated, accelerated by parallel imaging with acceleration factor
R = 2, matrix-size = 288×224×84, FOV = 190×190×252mm3, TE = 3.6 ms, TR = 7.2 ms).
Since the diagnostic scan was performed in a prone position with sagittal slice orientation, the
prone data were reformatted to obtain images with a coronal slice orientation.
To account for breast motion between the acquisitions of the supine data sets, all
supine 3D-data sets were registered to match the first pre-contrast data set [6]. The contrast
enhancement was then depicted by subtraction of the pre-contrast 3D data-set from the four
post-contrast data-sets. Regions-of-interest (ROIs) were chosen within the tumor and normal
fibroglandular tissue. The average signal inside each ROI was computed for each subtracted
data set and plotted as function of time after the injection of the contrast-agent.
The fat-saturated supine data-set were also viewed in 3D using a software package
(Aegis, Sentinelle Medical Inc., Toronto, Canada), which allows the display of 3D data-set
from different point of views in real-time.
Results
The tumor was clearly visible in the supine breast MR images which were acquired
with fat saturation (Fig. 2a-d). However, the use of fat saturation increased the scan-time from
88 s to 190 s. When comparing the supine (Fig. 2a-d) and reformatted diagnostic images
(Fig. 2e-j), large differences in the orientation and the shape of the breast and the lesion were
observed.

Figure 2. Images of a patient taken in the supine position (a-d) and in the prone position (e-j), where the
image data were reformatted from a sagittal to a coronal slice orientation. The distance between two
successive slices was 20 mm in both sets. The orientation and shape of the breast as well as the tumor (see
arrows) were fundamentally different in the two data sets.
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The supine DCE images, which were acquired without fat saturation, showed some
positional changes of the breast between the time-points. The displacements were mostly in
anterior/posterior direction and could be successfully corrected using 3D image registration
[5]. By subtracting the registered supine data-set the CA dynamics was clearly depicted.
Within the tumor, the signal-enhancement showed the typical rapid enhancement followed by
a washout phase (red solid line in Fig. 3c). In contrast, the normal fibrograndular tissue which
underwent only minor signal enhancement after the CA injection (blue dashed line in Fig. 3c).
Using the visualization software, the supine breast MRI data could be displayed from
different views. A maximum intensity projection (MIP) map with a colorized overlay of the
pharmacokinetic modelling of contrast enhancement further created a realistic 3D impression of
the breast and the tumor (Fig. 4), which facilitates the planning of breast-conserving surgery.

Figure 3. Contrast enhancement in a
patient with breast cancer. (a) Subtraction
image indicating ROIs within the tumor
(solid arrow) and normal breast tissue
(dashed arrow). (b) Corresponding fatsaturated image (c) Signal enhancement
inside the ROI’s indicated in (a). The solid
red line shows the typical rapid enhancement of a tumor with subsequent washout.

Figure 4. MIP map of one subtracted supine DCE data-set
as displayed in the 3D software. On the left side is a coronal
view and on the right side a sagittal view. The colorized
overlay is the result of a pharmacokinetic modelling of
contrast enhancement. Since the views can be changed in
real-time by the user, this allows a good visualization of the
supine MRI data for pre-surgical treatment planning. Using
surface markers would allow further co-registration of the
images to the patient in the operating room.

Conclusion
Supine positioning during breast MRI mimics the breast configuration of most clinical
procedures more closely than that of prone breast MRI with subsequent mapping to a supine
breast configuration. This should substantially improve post-imaging registration accuracy.
Using a real-time 3D visualization tool was found to be helpful for displaying the data
to the surgeon for treatment planning. The addition of surface markers on the breast skin
would allow further co-registration of the supine images to the patient in the operating room
for image-aided breast-conserving surgery and will be the subject of future research.
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Objective
MR-guided thermal therapy such as RF ablation is a promising technique for the
treatment of cardiac diseases such as atrial fibrillation. Therefore, reliable temperature and
therm-dose measurements are important. Proton resonance frequency (PRF) shift MR
thermometry is the most promising method for non-invasive temperature measurements and is
capable of quantifying temperature changes based on the phase subtraction of a pre-treatment
baseline image from images acquired at different times during hyperthermia.
Since temperature differences are calculated based on phase variations with respect to
a reference baseline, PRF is very sensitive to tissue motion. Motion between these images
produces artifacts in the temperature map because first the baseline image and current image
are unregistered and second the phases of the images are altered due to the nonuniform
magnetic field. To address motion, multi-baseline subtraction techniques have been proposed
[1-3] that use a set of pre-treatment baseline images covering the cardiac and respiratory
cycle. In this work, we present and investigate the effectiveness of a multi-baseline PRF
method to eliminate artifacts caused by tissue motion implemented on a real-time MR
acquisition and reconstruction platform.
Materials and Methods
All experiments were performed on a 1.5 T GE Signa scanner (GE Healthcare,
Milwaukee, WI). A 6F catheter with a bipolar RF ablation tip was built and used for ex-vivo
ablation of excised bovine liver tissue. A commercially-available RF generator was used to
deliver 3 Watts of power during RF ablation. Tissue temperature was also measured with
fiberoptic temperature probes (Neoptix, Quebec, Canada). Real-time MR temperature
imaging was performed using a 2D fast gradient-echo spiral imaging sequence that was
implemented on the RTHawk platform (HeartVista, CA). The MR thermometry sequence
utilized the following parameters: slice thickness = 8 mm, FOV = 24 cm, 5x interleaved spiral
k-space acquisitions for each reconstruction, 12 reconstructions per second, matrix 134 X
134). To assess the robustness of the method, a motion was induced by the built-in rocker
capability of the MR scanner table (5 mm distance, speed = 10 mm/s).
In this work, a multi-baseline strategy was used to correct the motion-induced artifacts
in the temperature maps induced by tissue motion. Before RF ablation treatment, N
consecutive reconstructed complex images were stored in a lookup table. During
hyperthermia, arriving images were matched to the images in the table using the maximum
correlation coefficient:

R=

∑ (x

i

− x )( yi − y )

i

∑ (xi − x )2 ∑ ( yi − y )2
i

(1)

i

where xi and yi are the magnitude of pixel values and x and y are the mean magnitude from
the two images.
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The temperature maps were obtained from the phase difference between the current
image and matched baseline image before correcting for static magnetic field drift:
∆ϕ
(2)
B0 ⋅ TE
where is the gyromagnetic ratio, B0 is amplitude of the static field, ∆ is the phase
difference, and = 0.01 ppm/°C.
The static magnetic field of an MR scanner is known to drift with sustained scanning.
The subtraction of phase images acquired at different times is affected with a different bias for
each pixel. Therefore, the computed temperature in the region of interest image (ROI) will
undertake bias over time. This perturbation is corrected by subtracting the obtained
background temperature farther from that of the site of heating.
∆T =

Results
Starting at 18°C, the tissue was slowly heated up to 53°C in about 7 minutes according
to the temperature probe placed near the tip of the catheter. N = 45 was chosen as the number
of baselines images obtained before heating. Due to the long readout of the spiral k-space
acquisitions, an effective TE value suitable for equation (2) was obtained (2.5 ms) by
matching temperature probe measurements in multiple experiments. Three time frames
obtained during RF ablation of ex vivo liver tissue during rocker-induced motion are shown in
Figure 1. The evolution of temperature at the vicinity of catheter tip is shown in Figure 2. The
temperature obtained in a small ROI near the catheter tip shows good agreement with the
fiberoptic sensor measurement near the catheter.

Time = 80 s
Figure 1.

Time = 140 s

Time = 300 s

Three time frames during RF ablation in ex vivo liver tissue during rocker-induced motion.
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Figure 2.
Comparison of temperature evolution obtained with MR thermometry and fiberoptic sensor
near the RF ablation tip.
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Conclusion
We have presented a multi-baseline real-time PRF method to obtain temperature maps
in the presence of motion. Our preliminary results indicate that PRF-based MR thermometry
is suitable for monitoring temperature changes during MRI-guided RF ablation. The multibaseline method works well to overcome the artifacts induced by tissue motion. The data
acquisition, image reconstruction, and thermal maps can be accomplished in real-time using
general-purpose computing hardware.
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Objective
Noninvasive temperature imaging for breast is desired for thermal therapies such as
high intensity focused ultrasound (HIFU) to ensure the heat deposition to the target tumor and
to protect the surrounding normal tissues. The key issue for breast temperature imaging is to
develop a reliable thermometry technique for adipose tissues. In vitro spectroscopic
measurements of the temperature dependences of the MR parameters of the fatty acid
components at 11T have shown that the relationship between temperature and T1 of
methylene (-CH2-) or methyl (-CH3) proton is linear and reproducible [1]. Since these two
components have different temperature coefficients [1], extraction of a particular fatty acid
component and quantification of T1 of that component is necessary to image fat temperature
quantitatively. In the present study, fat temperature imaging technique based on a multiple flip
angle, multipoint Dixon acquisitions with a least square estimation scheme is presented.
Principles
A sequence of spoiled gradient recalled acquisition in steady state (SPGR) was
designed to evaluate T1 of CH2 and/or CH3 as depicted in Figure 1 [2]. In the first shot, echoes
with different TE's were acquired at a certain flip angle (α1) to obtain real and imaginary parts
of water, CH2 and CH3 signals based on the multipoint Dixon scheme [3]. In the following
shots, similar echo sets were obtained with different flip angles. Each set of echoes was
reconstructed separately to have the complex CH2 and CH3 images with different flip angles.
Then the CH2 and CH3 image sets were used to derive T1 maps of these proton components
based on the T1 calculation technique [4]. The T1 maps were then converted to temperature
maps with temperature coefficients of the fatty acid components.
Materials and Methods
In our first implementation, the following parameters were used; TR, 36 ms, TE, from
1.33 to 18.4 with 1.14 ms steps; number of echoes, 16; flip angles, 20, 50 and 70 degrees;
spatial matrix, 128 × 128; SENSE factor, 2. A phantom with olive oil and water bottles was
constructed as shown in Figure 2. One of the olive bottle was heated up to around 65 oC by
microwave, while the other bottles were kept at room temperature (27oC). The acquisitions
were repeated in the cooling period of the oil sample.
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Figure 2 Axial view of the
phantom used for the
experiment. The left anterior
bottle of olive oil was heated
by microwave, while the
other bottles of olive oil and
water were kept at room
temperature

Figure 1: Schematic diagram of the fat temperature imaging technique based on
T1 of CH2 and/or CH3 obtained by multipoint Dixon and multiple flip angle
acquisitions.

Results
Total acquisition time for 16 echoes and 3 flip angles were 6 seconds. Based on the
selection of the number of echoes and number of flip angles, successful separation of the
chemical species and calculation of T1's for CH2 and CH3 were performed. In this particular
experiment, first 5 echoes and 3 flip angles worked well. The T1 maps, were then converted
into the temperature maps as shown in Figure 4 based on the temperature coefficients of 1.52
[%/oC] for CH2 and 2.36 [%/oC] for CH3 relative to the T1 values at room temperature
obtained previously as Figure 3 [1].

Figure 3 Relationships between the T1's of
methylene (CH2) and methyl (CH3) signals
in the bovine fat samples in vitro (N = 5) at
11 T (1). The means and standard deviations
of ascending and descending plots are
shown with the original scatter plots.

Figure 4 Temperature maps based on T1's of CH2 (upper)
and CH3 (lower).
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Discussion
Separations of chemical species and T1 calculation for them were achieved by the
multipoint Dixon, multiple flip angle acquisitions. The resultant temperature images
demonstrated the feasibility of the proposed technique for quantitative imaging of fat
temperature. As was anticipated from the content ratios, the resultant temperature images
obtained by CH2 had higher signal to noise ratio than those by CH3, regardless to the higher
temperature sensitivity of the latter component. The frequency separation between water and
the fatty acid components had to be optimized according to the thermal shift of the water
proton resonance frequency(5). Combination with temperature measurement using the water
resonance shift determined by the complex water images for high-water-content tissues like
mammary gland is under our consideration.
Conclusion
The basic function of the fat temperature imaging technique with multipoint Dixon and
multiple flip angle scheme was demonstrated. The technique can image temperature based on
T1(’s) of specific proton component(s) of fatty acids in several seconds, which seemed to be
practical enough for monitoring temperature in breast under HIFU. Animal experiments are
required to further investigate the usefulness of the present technique.
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Objective
PRFS MR thermometry (MRT) is the generally preferred method for monitoring
thermal ablation. Standard implementation with reference phase subtraction is highly sensitive
to tissue motion and to external perturbation of the magnetic field. Previously described
reference-less MRT [1] used polynomial interpolation from a closed and thick border towards
the inner region of interest (ROI). Unlike “black box” polynomial interpolation, we used here
the physically meaningful frame of partial derivatives equations on near-harmonic functions,
aiming to provide accurate and calculation-robust reference-free MR thermometry over large
ROIs. Validation of the method was performed for HIFU heating experiments ex vivo and in
vivo, and also with baseline acquisition in healthy volunteers.
Physical problem and computing-robust solution

Figure 1. Illustration of the physical problem for reference-free PRF thermometry. Calculating the
temperature change inside the ROI is equivalent to reconstructing the unknown background phase inside that
ROI, using only information from outside the ROI, i.e. a classical Dirichelet-type problem. This background
phase will be further subtracted from the experimentally measured phase to obtain the MR temperature map.

Based on the mathematical framework described in ref.[2] we have demonstrated that
the GRE phase map is a near-harmonic function in 2D, inside a region with homogeneous
magnetic susceptibility. That is, the Laplacian operator applied to this phase map is a small
constant. The value of the residual Laplacian is called the curvature of the phase map, denoted
as ”ε”. An iterative numerical solution exists for the problem illustrated in Figure 1, which
converges as a stable process to the analytical solution.
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Figure 2. Iterative approximation of the
near-harmonic solution of the Dirichelet’s
problem. The rank of the iteration is
indicated for each frame. This algorithm
uses only the information from a thin
border. Computing time is increasing as
the power of 3 of the linear size of the
region, being on the order of 100 ms on
standard PC. The algorithm is also
compatible
with
open
border
implementation where some of the voxels
on the border are not available for phase
calculation.

Experimental setup
All experiments were performed on a 3T whole body MRI scanner (Magnetom Trio a
Tim system, Siemens AG, Germany). The method was tested in various configurations. HIFU
sonication was performed in degassed meat samples and in vivo rabbit thigh (IEB approved
protocol) under PRFS MRT using a 5-slices GRE-EPI sequence with echo train length 9, TE
= 8.9 ms , TR=161 ms, FA 10°, BW= 500Hz/pixel, voxel 1 x 1 x 5 mm3, spectral lipid
saturation, 0.2 to 0.4 ºC STD. Heating was produced by a 256-element phased array HFU
transducer (Imasonic, Besancon, France) with aperture D = 140 mm, natural focal length R =
130 mm and nominal frequency f = 974kHz. A programmable 256-channel generator and 2D
positioning mechanical system in XZ plane were used (both from Image Guided Therapy,
Pessac-Bordeaux, France).
To assess for the method robustness, one-step motion of large amplitude (3.5 cm) was
deliberately applied to an ex vivo sample while continuing volumetric sonication along a 2D
disk pattern of 16 mm diameter. In a different experiment a large displacement of the HIFU
transducer was generated (4 cm along Oz), creating a dynamic perturbation of the local
magnetic field.
Baseline acquisition was performed on two healthy volunteers under free breathing,
with single-slice GRE-EPI, un-triggered, GRAPPA factor=2, TE/TR/TA =
9ms/28.91ms/300ms, BW=930Hz/px, FOV=310mm, resolution= 2.7x2.4x8mm, FA=15°, 121
water selective pulse, flow compensation of the central echo, echo train length=7, 15 coil
element, 300 ms/slice.

Results and Discussion
The iterative algorithm used here to reconstruct the phase information along open
segments of the border, and further the background phase inside the ROI, always converged
and no mathematical instability was encountered over approximately 100 test cases (ex vivo,
in vivo, in humans).
Accuracy as good as 0.5°C in average was obtained in volunteers liver under free
breathing with ultra-fast acquisition (0.3s/slice). Following cases can be managed by the
current method but not with atlas-based multi-reference MRT: tissue expansion/contraction
during thermo-ablation, liver drift [3], peristaltic-induced motion of the kidney, external
magnetic perturbation (interventional device) simultaneous to breathing.
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a

b

Figure 3. Illustration of the
precision of the algorithm used for
the
phase
background
reconstruction, in a healthy
volunteer (25-voxel diameter
ROI). a. Magnitude image with
overlay ROI’s border;
b. Experimentally measured phase
(spatially unwrapped);
c. Reconstructed
background
phase using border information.

c

In static tissues under moderate HIFU heating the new reference-less method provided
identical results to the standard reference subtraction (± noise) even for large ROI (4-6 cm).
Major improvement was obtained in moving tissues (Figure 4). The method was also
demonstrated to be robust against external field perturbation (Figure 5).
Table 1.
Synthesis of results for the accuracy and the precision of the method to recover the baseline
background phase in the two volunteers involved in the study. The curvature of the phase map over the chosen
ROI is indicated in each case (ε).
Respiration
phase
ROI
position
ROI
diameter
[mm]

36

50

Coronal

ε
accuracy[°C]
precision[°C]

1.02
-0.52
0.38

Sagittal

ε
accuracy[°C]
precision[°C]

Coronal

Sagittal

#I Slice
D
1
27
yo

2
25
yo

Inspirium
Post. Lateral
Segment VI

Central

Expirium
Sub-capsular

Post. Lateral
Segment VI

Central

Sub-capsular

65

36

50

36

50

65

36

50

1.39
- 0.62
0.59

0.56
0.17
0.59

0.27
-0.09
0.58

0.38
-0.36
0.53

0.50
-0.01
0.29

0.26
0.29
0.41

0.62
-0.26
0.62

0.25
-0.07
0.54

0.70
-0.24
0.63

1.91
-0.33
0.26

1.07
0.67
0.82

2.13
0.72
0.65

3.28
0.17
0.46

2.79
0.31
0.85

0.68
0.42
0.54

1.22
-0.15
0.81

2.11
0.27
0.51

2.31
0.17
0.36

2.08
0.57
0.50

ε
accuracy[°C]
precision[°C]

1.03
-0.16
0.19

0.73
0.26
0.33

0.57
0.56
0.81

0.64
0.13
0.42

0.79
-0.17
0.46

0.63
0.35
0.26

0.85
0.17
0.39

0.85
0.37
0.62

-0.05
-0.28
0.44

-0.08
-0.18
0.51

ε
accuracy[°C]
precision[°C]

1.72
-0.01
0.18

1.06
0.77
0.52

1.85
0.09
0.67

1.78
-0.18
0.40

1.53
0.13
0.51

1.86
0.23
0.34

0.83
0.75
0.53

1.23
0.62
0.63

1.10
0.11
0.46

0.92
0.37
0.67

Figure 4. Demonstration of the
method
robustness
against
accidental motion of tissue. A large
motion was applied to the sample
while HIFU volumetric sonication
was performed using a disk pattern
of foci. Left: standard PRFS
thermometry. Right: referencefree method.
Figure 5. Demonstration of the
method robustness against external
perturbation of the magnetic field.
A large motion was applied to the
HIFU transducer while single
focus sonication was performed.
Left: standard PRFS thermometry.
Right: reference-free method.
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Conclusion
None of the mathematical operations implemented here can lead to numerical
singularities nor to divergence, providing robustness under clinical workflow. The
background phase was accurately reconstructed over large ROI in volunteers (~ full liver)
with typical precision of 0.5°C under free breathing. The open-border option can eliminate in
most cases the border-heating bias on the background phase estimation. The described method
of reference-free MR thermometry does correct all Bo variations and applies to any inter-scan
motion and to any external perturbation of Bo (e.g. moving HIFU transducer).
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MR temperature imaging validation of a bioheat transfer model
for 3D prospective planning of LITT
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Objective
MR-guided laser induced thermal therapy (MRgLITT) for treatment of cancerous
lesions in the brain presents a minimally invasive alternative to conventional surgery gaining
use worldwide [1]. In the United States, multiple clinical trials are currently on-going for an
FDA cleared MRgLITT system that utilizes real-time temperature imaging feedback and
dosimetry (Visualase®, Visualase, Inc. Houston, TX). As studies progress toward evaluation
of treatment efficacy, predictive computational models may play an important role for
prospective 3D treatment planning. The current work presents a validation study of a Pennesbased 3D computational model of the bioheat transfer against retrospective multiplanar MR
thermal imaging (MRTI) in a canine model (n=4) of the MRgLITT procedure in brain.
Materials and Methods

The experimental setup of a MRgLITT procedure in brain is shown in Figure 1. The
procedure was part of an MRgLITT safety and feasibility study in a canine model using
multiplanar MR thermal monitoring with pre- and post-applicator 3D T1-weighted treatment
planning images. All experiments were performed under institutional protocol. Applicators
were placed through a small burr hole and secured to the head using a skull bolt based on
previously acquired planning images. MR temperature imaging was performed on a 1.5T
MRI
(ExciteHD®,
General
Electric,
Milwaukee, WI) using a 5-slice 8-shot EPI
sequence (FA= 60o, FOV= 20x20cm, slice
thickness 4.0mm, encoding matrix of 256x128,
TR/TE=544/20 ms with 5 sec per update).
Post-operative images were used to create a 3D
volumetric
hexahedral
finite
element
representation of the brain for simulation of the
thermal delivery. Near the delivery site, the
mesh size was on the order of the pixel size.
Laser powers (980nm, 1-cm diffusing tip,
<15W) and exposure times varied for each
Figure 1. Experimental Setup. Multiplanar
canine and were modeled using piecewise step
MRgLITT in Canine Brain Model.
functions of the wattage. Geometric details of
the applicator were modeled according to the manufacturer design. The optical photon source
of the laser-tissue interaction was rigorously derived from a isogeometric discretization (IGD)
of the diffusion theory of light transport in tissue [2]. A point source optical diffusion
approximation (ODA) of the photon source was used as a control. Active cooling of the
applicator was modeled through Dirichlet boundary conditions; the temperature was held at
both ambient room temperature (21 oC) and body temperature (34.6 +- 0.7oC) at the applicator
tissue interface. A linear Pennes model was used to simulate the bioheat transfer [3]. The biothermal parameters were obtained from literature [4] and were modeled as homogeneous
throughout the delivery region of interest. A range of perfusion values was simulated to
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capture all physically realistic values of brain tissue perfusion found in literature. A weighted
space time norm was used as the metric of comparison between the difference of the finite
element prediction and the MR thermal imaging data. The weighting was obtained from MR
temperature uncertainty maps created from the SNR of the corresponding magnitude images.
Results
The thermal imaging reveals significant variability in the heating profiles amongst the
four canine experiments. Statistics were collected comparing the thermal imaging data for
each animal against each permutation of laser model, cooling model, and perfusion value, a
total of 64 simulations. The IGD model is significantly more accurate than the point source
ODA model but, in general, the average errors of the finite element models is between 1-4
standard deviations with respect to the temperature image noise. The pointwise maximum MR
observed temperature, FEM predicted temperature, and MR temperature uncertainty of a
particular realization is presented for an ROI about the applicator tip in Figure 2. A cutplane is
shown coplanar with the applicator tip. Corresponding spatial profiles of the pointwise
maximum data is provided in Figure 3. Pointwise temperature discrepancies are as high as
20oC. The time histories of the error patterns for the two cooling models suggest that the
active cooling fluid is heated during the thermal delivery.
Conclusion
Results have demonstrated that finite element models of Pennes bioheat equation
coupled with light transport diffusion theory is a reasonable first order approximation of the
laser tissue interaction in brain. The models may be a useful foundation for 3D prospective
treatment planning of laser ablation in brain when additional monitoring, such as MR
temperature imaging, is employed to ensure safety and efficacy. The observed time histories
of the error pattern also indicate that incorporating the added complexity of modeling the
convective heat transfer of the active cooling fluid flow may not substantially add to the
temperature prediction with respect to the L2 norm as the metric.

Figure 2. Pointwise maximum of FEM data and
thermal imaging data temperature and uncertainty.

Figure 3. Spatial profiles of MR and FEM data
corresponding to Figure 2.
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Objective
Prostate cancer is the most common malignant tumor in US men and second in tumors
leading to death [1]. Prostate cancer recurrence after definitive therapy can be as high as 25%
after 15 years [2]. Local recurrences of prostate cancer are associated with a significant risk
of disease progression [3]. The current standard of therapy is radiation therapy. However, the
local tumor control rate with irradiation for palpable recurrence in patients who have
undergone radical prostatectomy ranges from 58-100% [4]. Laser-induced thermal therapy
(LITT) is inherently compatible with magnetic resonance imaging (MRI) and ideally suited
for MRI-guided ablation therapy. 3T MRI-guided LITT offers the advantage of superior
anatomic tissue visualization. We describe the use of a 3T MRI-guided LITT ablation
technique to treat recurrent prostate cancer in the prostate bed.
Materials and Methods
This is a retrospective review under IRB approval of a patient with prior RRP and
dynamic contrast enhancement(DCE) MRI abnormalities (Figure 1) in the prostate bed
subsequently found to be biopsy-proven recurrent prostate adenocarcinoma treated using 3T
MR-guided LITT ablation (Visualase, Houston, TX). Before entering the MRI suite,
anesthesia with intubation was initiated. After intubation the patient underwent cystoscopy to
evaluate the urethra and urethral vesicle anastamosis with placement of a protective urethral
cooling catheter. The patient was brought into the MRI suite and placed in a supine feet-first
position inside a 3.0T GE Signa (GE Medical Systems, Waukesha, WI) MRI scanner. A
perineal guidance template (Visualase, Houston, TX) was fixed against the perineum between
the legs for transperineal laser applicator placement.
Laser applicators were placed using the perineal guidance template (Figure 2). After
MRI confirmation of the laser applicators’ position within the recurrent tumor, laser ablation
was performed with continuously updated MR-temperature mapping utilizing the proton
resonance frequency (PRF) shift. For the purpose of MR thermometry, gradient-recalled echo
pulse sequence (echo time, 20 ms, repetition time, 37.5 ms; flip angle, 30 degrees; bandwidth,
15 kHz; field of view 240x240 cm; matrix, 256 x 256) was repeatedly executed
approximately every 5 seconds during laser operation and cooling. The images were acquired
in a single plane in multi-phase mode. Reconstructed images were subsequently transferred
in real-time from the MRI scanner to the integrated computer workstation via Ethernet
connection. Construction of thermal images, computation of ablation zone maps based on
Arrhenius model of thermal tissue ablation, and display of both were performed on the
workstation (Figure 3). Ablation monitoring was performed in axial plane. Each applicator
was activated individually twice for 2 minutes and then both were activated together for 2
minutes for a total ablation time of six minutes.
Results
Intraprocedural temperature mapping allowed continuous monitoring and allowed the
ablation to be stopped once adequate coverage of the tumor was achieved (Figure 3). Post198

ablation gadolinium and T2 weighted MR imaging demonstrated an ablation defect
encompassing the recurrent prostate tumor with no definite residual hyper-enhancing nodules
(Figure 4). Early clinical follow-up show no post therapy incontinence, rectal damage or
other associated treatment morbidity.

Figure 1. Contrast enhanced axial MRI of the
prostate fossa demonstrating early tumor
enhancement (green arrow) adjacent to the urethral
anastomosis (red arrowhead).

Figure 2. Using a perineal guidance grid, three
laser applicators were placed into the tumor (green
arrows) adjacent to the urethra with catheter in
place (red arrowhead).

Figure 3.
MR images of the 15W laser ablation with dual applicator activation. Panels demonstrate
magnitude T1-weighted image, phase image, and damage map image (from left to right). Magnitude image
demonstrates with low T1 signal with corresponding increased temperature of the phase map and the damage
map indicates calculated ablation zone overlain on the magnitude image.

Conclusion
MR-guided LITT is uniquely
suited for the higher 3T field strength and
offers the potential for coupling the
advantages of 3T MR imaging with an
ablation modality. This represents the first
known 3.0T MRI−guided LITT procedure
for locally recurrent PAC.

Figure 4. Post-ablation SPGR imaging after contrast
enhancement demonstrates the perfusion defect of the
ablation zone (green arrows) adjacent to the urethra
with catheter in place (red arrowhead).
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Objective
Fast imaging methods such as spiral and EPI are currently under investigation for
monitoring thermal therapies in moving organs such as the liver and heart [1,2]. However,
during thermal treatment the chemical shift of heated protons can lead to significant blurring
and pile-up artifacts in spiral and EPI images, and distortion and shifting of the hot spot
estimated from these images [3], which are problematic for treatment targeting. We introduce
an extension to the hybrid multi-baseline subtraction and referenceless thermometry method
[4,5] that incorporates a model for the chemical shift artifact. We demonstrate in an EPI
simulation that the method compensates the artifact, leading to improved accuracy.
Theory
To estimate temperature, the hybrid thermometry method fits the following image
model to a treatment image:

,

(Eq. 1)

where j is a voxel index, the vectors xb are Nb baseline images covering the organ’s range of
motion, w is a vector of baseline weights to be estimated, A is a polynomial basis matrix, c is
a vector of polynomial coefficients to be estimated, TE is the echo time of the imaging
sequence, and Ä is a temperature-induced frequency shift to be estimated and converted to
temperature change.
The hybrid model can be fit using an iterative algorithm that cycles through the three
variables w, c, and Ä, holds two of them fixed and minimizes with respect to the third a
penalized likelihood cost function that quantifies error between the model and an acquired
image [4,5]. We have modified that algorithm to compensate chemical shift artifacts by rereconstructing the treatment image after each Ä update using iterative off resonancecompensated image reconstruction [6]. Thus, the chemical shift artifact induced by the hot
spot is progressively removed from the treatment image, reducing the error between that
image and the baseline library images, and eliminating hot spot distortion and shifts. The
modified algorithm can also be expected to reduce erroneous temperature rises compared to a
standard estimation, since such rises will be erroneously ‘corrected’ by the reconstruction,
leading to larger errors between the treatment and baseline images, and will thus be
discouraged more strongly than in a standard estimation.
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Methods
The extended hybrid method was applied in a heating simulation of a liver-mimicking
object. A rectangular object was generated on a 64x64 grid, with anatomical phase
synthesized from randomly-generated low frequency Fourier components, as shown in Fig.
1a. The object was then shifted up and down within a range of motion similar to liver
displacement during free breathing to form a multi-baseline library with Nb = 50 images. A
random spatial shift was then selected within the library’s range of motion, and a treatment
image was generated at this shift. A random polynomial phase shift (order 6) and a Gaussian
hot spot (peak magnitude π/2, σ = 0.035 voxels) were incorporated in the treatment image
phase. Assuming a TE of 16.2 ms [1], the hot spot’s peak magnitude corresponds to a peak
temperature increase of 12.1°C at 3T. The true hot spot frequency map was then incorporated
in (2) and the treatment image was distorted using that expression. The treatment image was
then processed using the standard and chemical shift-compensated hybrid methods.
Results
Figure 1 shows the treatment image reconstructed without field map compensation.
The pile-up artifact due to the hot spot is present in the object’s center. Figure 2 shows the
true ω. Figure 3 shows the treatment image reconstructed with the ω estimated by the
chemical shift-compensated method; note the lack of pile-up artifact. Figure 4 shows error
images for the ω’s estimated by the standard hybrid method and by the compensated method;
the compensated method’s error (RMSE = 0.034 °C for TE = 16.2 ms at 3T) is substantially
lower than the standard method’s error (RMSE = 0.175 °C for TE = 16.2 ms at 3T). Figure 5
plots profiles through the true ω, and the ω’s estimated by the standard and chemical shiftcompensated methods. The standard method estimates an ω with a much higher peak (more
than 20% higher) than the true ω, which is also significantly shifted. In contrast, the ω
estimated by the compensated method is nearly coincidental with the true ω.

Figure 1. Treatment image
reconstruction with no
chemical
shift
compensation. The hot spot
induces a significant pileup artifact on the object’s
otherwise uniform interior.

Figure 2. The true Gaussian hot spot
(peak 12.1 °C).
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Figure 3. Reconstructing the
treatment image with the
estimated ω removes the pileup artifact.

Figure 4. Temperature error images for the standard and chemical-shift compensated hybrid methods. The
peak of the standard method’s hot spot was shifted, resulting in a very large error at the estimated spot’s
peak. The chemical shift-compensated method corrects this shift.

Figure 5. Profile through the true
and estimated hot spot centers.
The peak of the hot spot estimated
by the standard hybrid method is
shifted approximately 3 voxels,
while the hot spot estimated by the
chemical shift-compensated
method is nearly coincidental with
the true hot spot.

Conclusion
An extension to hybrid multi-baseline and referenceless thermometry was presented
that compensates the temperature map for chemical shift artifacts during long readouts used in
fast imaging sequences. Simulations showed that distortions in the estimated hot spot were
significantly reduced. Near-future work will include validation of the method in a phantom
HIFU heating experiment.
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P-11
Chemically selective asymmetric spin-echo EPI phase imaging for
internally referenced MR thermometry
M. N. Streicher, D. Ivanov, D. Müller, A. Pampel, A. Schäfer, R. Turner
Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany

Objective
The proton resonance frequency shift (PRF) MR thermometry method is inherently
very sensitive to remaining fat signal and to magnetic field perturbations in time [1]. These
may be due to field drift, shim instability, gradient heating, or susceptibility changes of tissue,
and must be monitored to ensure accurate temperature measurement.
We implemented a novel spin-echo EPI sequence that can acquire phase images of
different chemically-shifted protons at the same slice positions, employing the efficient
chemical shift-selective spin-echo (SE) technique introduced by Ivanov [2] (Figure 1). By this
means, each voxel can independently be drift-corrected, similar to the method described by
Soher [3].

Figure 1.
Asymmetric SE EPI sequence with different
gradient amplitudes for chemical-shift-selective phase imaging [4].

Figure 2.
(DMSO)

Dimethyl sulfoxide

Materials and Methods
Water-miscible dimethyl sulfoxide (DMSO), which has a single resonance peak
shifted by -2 ppm relative to water protons, was used as a reference substance (Figure 2). The
relative thermal coefficient of the water proton resonance frequency with respect to that of
DMSO was experimentally determined to be -0.0096 ppm/°C (similar to the thermal
coefficient of pure water) using a temperature-calibrated 600 MHz spectrometer (Bruker,
BioSpin).
Two phantoms were constructed. Phantom 1 was made up of separate DMSO and
water compartments, to evaluate chemical-shift-selectivity of the novel MR sequence.
Phantom 2 was a mixture of DMSO and water, for the heating experiment using hot air.
During the heating experiment two Luxtron (Lumasense) optical temperature sensors were
used to monitor the air and phantom temperature.
The Ivanov method required a excitation slice-select gradient of 25 mT/m and a
refocusing gradient of 5 mT/m for chemical species selective imaging at 7 Tesla (excitation
rf-pulse duration: 1.8 ms, refocusing rf-pulse duration: 9.0 ms). The other chemical-shiftselective SE sequence parameters were TE = 25 ms; k-space centred at 45 ms
effective
echo time TEeff = 20 ms; TR = 1s; bw = 1302 Hz/Px; phase partial Fourier = 6/8; resolution
128 × 128; voxel size: 2 × 2 × 1.4 mm3.
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Results
Figure 3 shows magnitude images of phantom 1 with physically separate DMSO and
water compartments. The approach shows excellent suppression of either the water signal or
the DMSO signal, depending on the resonance frequency used.
Figure 4 and 5 shows the results of the hot air experiment with phantom 2, the water +
DMSO mixture. The grey circles display the measured phase temperature of a 9 voxel ROI
positioned at the Luxtron sensor. These uncorrected phase temperatures show the effect of the
expected phase change due to the surrounding hot air [4], and also a small scanner field drift.
After correction using the DMSO reference, the corrected data points (black circles) show a
standard deviation of 0.2°C across the ROI and a maximal deviation from the Luxtron sensor
temperature of 0.3°C.

Figure 3.
Phantom 1 with separate water and DMSO compartments. a) standard SE; b) SE with Ivanov
method at water resonance frequency, suppressing DMSO; c) SE with Ivanov method at DMSO resonance
frequency, suppressing water [2].

23°C

30°C

Figure 4.
Magnitude
and temperature map of the
hot air heated phantom 2, a
mixture of water + DMSO.

Figure 5.
The mixed water + DMSO phantom is heated with hot air and
the measured temperatures inside the phantom are plotted. The uncorrected
phase temperature deviates from the real temperature, because of the magnetic
field shift induced by the hot air surrounding the phantom (used for heating)
[4].

Conclusion
The new chemically selective spin-echo EPI sequence is able to suppress reliably
either the water signal or the reference signal, and this suppression is highly insensitive to B1
inhomogeneity. This approach can correct accurately for temporal scanner instabilities and
susceptibility changes of the surrounding environment. Temperature changes measured from
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phase images agreed within 0.15°C with those provided by the Luxtron sensor. Fat in tissue is
also a feasible reference substance, and because it has a larger chemical shift than DMSO
from water, it needs less difference in slice-select gradients.
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Dual-echo pulse sequence for temperature mapping of intradiscal
laser ablation in an 1.0T open MRI
U. Wonneberger 1, B. Schnackenburg 2, W. Wlodarczyk 3, T. Walter 1, F. Streitparth 1,
J. Rump 1, U. K. M. Teichgräber 1
1
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Objective
Providing continuous magnetic resonance (MR) thermometric maps is an effective
method of non-invasive processing control to monitor thermal therapies [1]. We implemented
an unspoiled gradient-recalled pulse sequence with dual-echo acquisition for monitoring
intradiscal laser ablation. Three thermographic methods to validate usefulness and accuracy of
the temperature mapping were performed in vitro as well as in vivo.

Materials and Methods
A gradient-recalled echo sequence with two signal readouts (Fig. 1) was implemented
for dynamic temperature monitoring using an open configuration scanner system with 1.0T
(Panorama, Philips Healthcare, Best, NL). Echo-spacing was maximized, while the first echotime TE1 was limited by the scanner hardware and the second (TE2) was limited by the
needle artifact. We used the following parameters: TR=17ms, TE1= 2.4ms, TE2= 15ms, flip
angle=30°, slice thickness= 4mm, FOV= 200x160mm2, spatial matrix= 72x53.
MR-Thermometry was based on the temperature dependent proton resonance
frequency (PRF) shift, the signal void caused by T1-relaxation time increase (T1) and a
combination of both methods by means of complex differences (CD) [2]. All three methods
were compared. T1-Thermometry was calculated from the magnitude image differences of the
first echo acquisition. The PRF-thermometry was calculated from phase data differences
acquired with the second signal readout and CD-Thermometry was calculated in using the law
of cosine in the complex plane with the first magnitude and the second phase image data.
Temperature maps were plotted over magnitude images from the first signal readout in using
image processing software (Matlab, The MathWorks Inc., Natick, USA).
We simulated intradiscal laser ablation using human lumbar disc specimens [3].
Heating experiments were dynamically scanned, invasive temperature was taken as a
reference with an optic fiber thermometer (reFlex, Neoptix Inc., Quebec, Canada).
Assessment of in-vitro MR-data was based on linear regression analysis between invasive and
MR-based temperature as well as qualitative comparison of the temperature maps. MR-data of
a patient, acquired during intradiscal laser ablation, were qualitatively analyzed.
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Figure 1.
A 3D unspoiled gradient-recalled
echo pulse sequence with dual echo acquisition for
MR-Thermometry. The two data readouts are at
TE1=2.4ms and TE2=15ms, the flyback gradient is
placed in the middle of both signal readouts to
provide identical k-space filling.

Figure 2.
Temperature
map
with
isothermic profiles taken during heating
experiments after 5min of lasing (10Wpw,
Nd:YAG, 1064nm) in human disc specimen
using the PRF-Thermometry. The optical fiber
probe (white arrow) and the bare laser fiber
(unfilled arrow) are placed orthogonally with
5mm tip distance in the tissue centre.

Results
Evaluation of in-vitro experiments using regression analysis showed the best
correlation of measured and calculated temperatures for CD-Thermometry (CD: 0.964, PRF:
0.959, T1: 0.891). PRF-Thermometry had the narrowest margin of error (CD: ±1.29°C, PRF:
±1.23°C, T1: ±1.64°C). Temperature maps in the center image slice showed concentric
spreading of temperature and little image noise (Figure 2). Results of in-vivo data evaluation
showed reasonable heat distribution in the image slice, as well as expedient heat increase over
the time series.
Conclusion
Using unspoiled dual-echo sequence for dynamic thermometric monitoring during
intradiscal laser ablation can be helpful to survey the surrounding vulnerable structures
(endplates, spinal canal and nerve roots), which have to be protected from excessive heat. The
two signal readouts permit high image detail of the anatomic region with a first short echo
time and high temperature accuracy (error <2°C) using PRF-Thermometry with a second long
echo time.
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P-13
Interference-free PRF-based MR thermometry –
initial experience in 34 cases of hepatic laser ablation.
C. Rosenberg 1, A. Kickhefel 1,2, J. Roland 2, R. Puls 1, N. Hosten 1
Institute of Diagnostic Radiology and Neuroradiology, Ernst Moritz Arndt University
Greifswald, Germany
2
Siemens Healthcare, Erlangen, Germany
1

Purpose
Clinical evaluation of a newly developed temperature-sensitive MR sequence using
the proton resonance frequency (PRF) shift method in a clinical setting of laser ablation of
liver tumors.
Material and Method
34 procedures in 18 patients with different primary and secondary liver tumors were
performed using a miniature laser applicator (RoweCath; RoweMed, Parchim) under MRguidance. Real-time temperature monitoring was performed using a color-coded PRF-based
echo planar imaging (EPI) sequence (TR/TE =970/12ms, flip angle 65°, resolution 128x128,
FOV=320 slice thickness 3mm, BW=260Hz/Px; MAGNETOM Avanto, 1,5 T, Siemens,
Erlangen). Findings were correlated with the postablational contrast-enhanced MR perfusion
images through a software tool (MatLab).
Results
This new PRF-based monitoring sequence allows exact and reliable temperature
measurements within 4 eligible color-coded temperature ranges. The standard deviation was
less than 4°C. The extent of induced coagulation necrosis on perfusion imaging correlated
with areas of temperature greater 52°C on the PRF-sequence (87%; SD 5%). The duration of
the procedure was not influenced using this new sequence. The patient remained within the
magnet for the whole procedure.
Conclusion
This new PRF-based temperature monitoring sequence provides exact qualitative and
quantitive data and appears very robust to pulsation and breathing artifacts. It allows for
precise therapy evaluation and represents the first real online instrumentarium for imageguided monitoring of invasive thermal ablation. An interference-free synchronous sequence
acquisition during therapy, at the moment is specific for laser ablation as compared with other
thermal ablative modalities.
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Evaluation of the thermal dose concept during MR-guided RFA
in a high field open system at 1.0 T
K. Jungnickel 1, K. Lohfink 1, J. Bunke 2, K. Will 3, M. Ludewig 1, A. Omar 3, J. Ricke1 ,
F. Fischbach 1
1
Department of Radiology, Otto-von-Guericke-University, Magdeburg, Germany
2
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3
Department of Electrotechnique, Otto-von-Guericke-University, Magdeburg, Germany

Objective
MR-thermometry during MR-guided interventions like Radiofrequency Ablation
(RFA) offers the possibility to calculate the applied thermal dose so that the ablation zone can
be predicted. Our aim was to evaluate the thermal dose concept for MR-guided RFA in a high
field open MR system at 1.0 T during RFA.
Materials and Methods
RFA was performed in cow liver in vitro under MR-guidance. In 9 livers we used a
Rita 1500 X RFA-system (Angiodynamics, Georgia, USA) with MR-compatible “star burst”
needle and expandable electrodes. The Rita system is operating at 460 kHz. Thermocouples
that are integrated in the electrodes measure the temperature and control the applied output
power. The output signal of the RFA system was filtered with a low pass filter (5th order, > 80
dB at 42 MHz) to minimize image artifacts during RFA. Image acquisition was done with an
open MR system operating at 1.0 T (Panorama, Philips Healthcare, Best, The Netherlands).
For MR-thermometry the PRF shift technique [1, 2] was used based on a segmented GRE-EPI
sequence (TR/TE/ : 42 ms/20 ms/30°), TE being chosen to comply with T2* of liver at 1.0 T.
PRF changes where converted online into maps of temperature and thermal dose (“Real TI”,
Philips, Best, the Netherlands / IMF, University of Bordeaux, France (Fig.1)). After RFA a
T2w TSE sequence
(TR/TE:
1600
ms/110ms) was used
to depict the zones of
irreversible
tissue
damage. Shape and
dimensions of the
thermal
ablation
zones in the liver
were evaluated and
compared to the
thermal dose maps
calculated
online
during RFA and to
the T2w images
Figure 1.
Temperature map (a) and thermal dose map (b) during an in vitro acquired after RFA.
RFA of the liver. The white lines show the original size of the electrode. The
thermal dose (TD) marks the region of induced cell death.
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Results
With the help of a low pass filter MR-thermometry could be performed online during
RFA. Shape and dimension of the thermal ablation zones show good agreement with the
coagulation zones as seen on the T2w images and the thermal dose maps. The T2w images
underestimate the ablation zone by about 10 %, while the thermal dose maps overestimate the
ablation zone by the same amount.
Conclusion
The thermal dose concept is feasible for predicting the ablation zone during RFA on
the open 1.0 T MR-system. The next step will be to establish PRF-thermometry with
movement-correction for in vivo RFA procedures in patients with liver lesions [3].
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PRFS thermometry during radiofrequency ablation is corrupted
by cavitation’s effects: observation with simultaneous US/MR
imaging and first order correction.
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2
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Objective
MR thermometry based on the proton resonance frequency (PRF) method [1] has
gained increased acceptance for guiding RF ablation (RFA) of liver tumors [2]. Major
artifacts in the PRFS thermometry have recently been reported in-vitro, related to peroperatory changes of the tissue bulk susceptibility during RF heating [3]. They are originating
from gas bubbles formation, known as white cavitations’ artifacts in US imaging [4] and used
as qualitative per-operatory visualization of therapy in US-guided RFA (most frequent
monitoring for RFA). In this study we describe spatially-dependent errors in temperature
maps and TD during radiofrequency ablation in patients, while using 2D GRE-EPI PRFS
imaging with orthogonal interleaved slices. We performed truly simultaneous ultrasonography
and MRI to investigate these effects and to confirm that RFA-induced cavitation is the
primary source of errors in PRFS thermometry. Furthermore, we also propose a theoretical
description of the effects and a first order correction that confirm the source of the spatially
related errors in temperature maps and TD during power application.
Materials and Methods
Experimental Setup - MRgRFA was performed on a 1.5T MR system (Espree,
Siemens AG, Germany) using 2D GRE-EPI PRFS imaging with three orthogonal interleaved
slices. In vitro experiments were performed on optically transparent gel (15% alimentary
gelatin doped with 9g/litre NaCl, Fig1.b) and on fresh samples of Turkey white muscle and
porcine liver. US imaging was performed using a MR Compatible prototype US scanner
(Antares, Siemens Medical Solutions, Mountain View, CA, USA) used in Contrast Pulse
Sequence (CPS) imaging mode. The non-magnetic CH4-1 transducer (256 element phased
array) was fixed in a plastic-made cylindrical tube filled with degassed water and sealed by a
US-transparent membrane. Ultrasound imaging slice (12.5 frames per second) was always
orthogonal to the RF electrode and carefully aligned with the anode/cathode gap of the RF
electrode, see Fig1.a,c. Single focus mode was used with focal length adjusted to match the
RF electrode position. For simultaneous MR/US imaging,
the cylindrical tube
accommodating the US transducer and the transmission line of the US probe (7m long) were
entirely shielded with common ground contact to the Faraday cage (see Fig1.c), except for a
rectangular 2x8cm aperture in front of the US transducer. US and MRI acquisitions were
started simultaneously to monitor RF heating procedures. Fluroptical fibres were inserted in
ex vivo tissue for “gold standard” thermometry.
Data from an ongoing clinical study, approved by the Institutional Ethics Board for
MR-guided RFA ablation of non-resecable liver tumors were post-processed for the purpose
of this work. The patient had two metastases from colorectal cancer in segment VIII with a
mean diameter of 8mm and 6mm that could only be visualized and treated under MR
guidance (treatment settings: 30W predefined power level during 20 minutes). Each tumor
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was treated sequentially after insertion of the MR compatible RF electrode under MR
guidance, using interactive targeting [6]. The patient was under general anesthesia and the
ventilator driven respiratory cycle was regular and set to 6sec. Image acquisition was
synchronized to the expiratory period of the patient cycle using navigator signal acquired on
the diaphragm. Voxel size was 2.3 x 2.3 x 6 mm3.
Modelisation - The magnitude of the local electric field (E) between the anode and
cathode of the bipolar RF electrode is two fold higher as compared to the rest of the
conducting surface of the electrode (see Fig.3.a), leading to a T° increase that is
approximately four times higher (∆T
E2) at that specific location. Bubbles (mainly water
steam) that form during heating induce dipole magnetic field disturbance. One ppm variation
in the z-component of the local magnetic induction is equivalent to 100°C PRFS thermometry
error of opposite sign.

Figure 1. a,b. Experimental setup for ultrasound and digital camera monitored RF heating on gel. Shown are
1: Bipolar RF Electrode, 2: Saline gel, 3: MR compatible ultrasonic transducer and 4: Degassed water within
the cylindrical tank. c. Experimental setup for simultaneous ultrasonography and MRI monitoring. Visible are
the MR compatible RF electrode and the EM-shielded transducer holder.

Figure 2. US/MR guided RFA suite at
H.U.G.

Figure 3. a-c. Theoretical model for PRFS MR
Thermometry errors; d-e. Theoretical isotherm and
experimental distortion of PRFS temperature along that
isotherm; f-g. The susceptibility-dependent term of
Equation [2] for the Gaussian model of bubble
distribution.

The spatial density of gas fraction in biological tissue is considered to be described by a
Gaussian profile (see Fig.3.b). The dynamic source of magnetic susceptibility is approximated
as an ellipsoidal object with layers of different susceptibility and attenuating with the distance
from the anode/cathode gap:
r
∆ χ (r , t )[ ppm

]=


 x2

1
 2 + y 2 + z 2  
9 . 41 ⋅ exp  −
⋅
2

 2 ⋅ σ (t )  ε

[1]

where the gas-to-tissue susceptibility contrast was set to the standard value of 9.41 ppm and
the specific radius of the bubbles cloud in the yOz plane is denoted as (t) [in mm or in
pixels]. The main magnetic field is considered parallel to the OZ direction. The eccentricity of
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the ellipsoidal Gaussian source was estimated by analyzing the dynamic magnitude artifact
in GRE-EPI images. According to [5], the effect on the GRE-EPI phase map from a source of
magnetic susceptibility can be calculated based on a fast numerical algorithm, compatible
with real time implementation. The master equation for correcting the PRFS MR-T° maps is:
r
r
∆Tcorr (r )[°C ] = ∆TPRFS (r )[°C ] +

 1


1
k z2
 ⋅ FT [∆χ (rr )[ ppm]]
⋅ FT −1  − 2
2
2
α [ ppm / °C ]
 3 k x + k y + k z 


[2]

where: ∆TPRFS (r) is the native (i.e. reference subtraction only) PRFS T° map, ∆Tcorr (r) is the
susceptibility-corrected T° map, the reciprocal-space coordinates are denoted as kx, ky, kz and
the actual source of susceptibility ∆ (r) expressed according to Eq [1]. This 3D magnetic
perturbation shifts the GRE phase maps concurrently to the T°-dependent PRFS effect. Eq.[2]
is valid for any dynamic source of susceptibility independently from the hypothesis of
Gaussian distribution.
Implementation of Fast Correction - The principle is to use only MR data. In the
imaging plane orthogonal to the electrode and median between the anode and the cathode, we
are considering a circular contour centred with the electrode and sized between 1-2 cm
diameter, see sagittal GRE-EPI magnitude in Fig3.d. Given the physical mechanism of heat
deposition during RFA, the T° values should be uniform on that ring. On line adjustment of
(t) in the Eq. [2] is performed, so as the corrected T° map satisfies the uniformity condition
(i.e. isotherm) on the circular ring. The cost function to be minimized is the standard deviation
of the series of values ∆Tcorr(r) along the isothermal contour.

Results
Gas bubbles created by RF heating were clearly seen in the US images and
corresponded to concurrent dynamic geometrical distortions of the MRT maps (Fig. 6).
Quantitative comparison with gold standard fluoroptic thermometer indicated at fibre tip
position up to 45°C positive or negative errors before PRFS thermometry correction and a
residual average error of 4.5°C after correction, i.e a factor of 6 of improvement (Fig.7). The
residual errors in corrected T° maps were generally higher at the onset time points of the
cycles of RFA power application.
Fig.4: Clinical results. a: Static
(up)
and
dynamic
(down)
susceptibility artifacts before and
respectively during RFA. b:
Native maps of apparent PRFS
temperature change overlaid on
magnitude background at t = 4min
during RFA of a liver metastasis
(segment VIII). Imaging planes:
coronal oblique, sagittal oblique
and transverse oblique. c: Similar
information provided at t=18min.
Cold/warm color code was used
for apparent negative/positive T°
variation.
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Fig. 5. First row: digital images of RF
heating over time in saline gel. Second
row: reference-subtracted US images from
same experiment acquired in the plane
orthogonal to the RF electrode. See the
white cavitation cloud. Third row: MR
images obtained during RF heating in
saline gel. See gas bubble detaching from
electrode.

Fig. 6. Multimodal monitoring of high power (30W) RF
application in ex vivo tissue. Synchronized MR/US images
covering the same FOV (80mm square) are shown at t = 10s,
100s, 145s (peak heating), 150s and 200s. 1st to 3rd rows display
time series of sag/cor/axial MR magnitude images with
overlaid PRFS temperature maps indicated with a color map
ranging from blue (-20°C) to red (40°C and above). 4th/5th rows
show times series of second harmonic US images (CPS mode)
in sagittal plane, direct and temporally subtracted images
(arrow indicates the electrode)

Fig. 7. a. Native PRFS-derived T° patterns that are
significantly changed from theoretical isotherms into
asymmetric patterns (RF electrode orthogonal to Bo). Note the
4-lobes dipolar butterfly dynamic artifact. b. Corrected
temperature maps, that recover the expected symmetry in 1st
order correction.

Discussion
Truly simultaneous interferences-free US and MR imaging using a clinical-standard
US scanner is reported here ex vivo. Disruptive changes in the local bulk susceptibility of
tissue during RFA are considered as the principal cause of the reported large errors in PRFS
MR-thermometry, including unreal “hypothermia” seen in patient along Bo axis (Fig.4). We
have proposed a theoretical description of the effects and demonstrated that a fair agreement
between the MR-thermometry and the “gold standard” fluoroptical T° measurement in RF
thermo-ablation can be re-established with a first order correction.
Conclusion
The cavitation effects corrupting the PRFS thermometry were visualized both ex vivo
and during clinical application of MRgRFA. On-line correction of these artifacts is
considered mandatory in order to provide clinical benefit from MR monitoring of the RFA.
Our results concern the MR-monitoring of thermal ablation whenever using an active heat
source which triggers gas bubbles formation in tissue.
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Objective
The purpose of this work is to find an optimal echo time setting for a MR thermometry
technique in fat, required for the application of thermotherapy to breast cancer. This technique
utilizes temperature dependent T1-maps of the individual fatty acid proton components such
as methylene (CH2) and methyl (CH3) [1]. In this new T1-based technique, multipoint Dixon
acquisitions with multiple flip angles are used with an iterative least-squares estimation
scheme [2]. By optimizing the echo time setting in this technique, errors in the separation of
the components due to the thermal shift of the water proton resonance frequency can be
minimized. In this study, numerical simulations were performed to find these optimal echo
time settings. Results with phantom experiments support the findings of the numerical
simulations.
Materials and Methods
A homogeneous numerical phantom with a H2O : CH2 : CH3 density ratio of 5 : 4 : 1
was created using Matlab (R2007a, Mathworks). The phantom signal S(TEn) was the sum of
the signals of each component at the nth echo time TEn, assuming the use of a multi-echo
SPGR sequence;
3
(1 − exp( −TR /T1, j (T)))sin(α )
⋅ exp(i2π∆f j TE n )
S(TE n ) = ∑ ρ j
(1)
1 − exp( −TR /T1, j (T))cos(α )
j =1
where j is the density of a jth component, T1,j is the T1 value of the jth component, is the
flip angle, ∆fj is the frequency separation of the jth component and tn is the nth echo time. The
phantom with components H2O (j = 1), CH2 (j = 2) and CH3 (j = 3) was designed to have T1,1
= 750, T1,2 = 300 and T1,3 = 700 ms and ∆f1 = fH2O (Ta) = -0.01 (Ta – Tp) B0 / 2 [3], ∆f2 =
448 and ∆f3 = 480 Hz relative to the on-resonance water signal, where Ta is an assumed
temperature and Tp is the true phantom temperature. These settings were based on a magnetic
field strength of 3T and Tp of 37°C. The imaging parameters in this simulation were; TR, 36
ms; number of echoes, 6; nth echo time, TEn = n TE0, where the investigated range of TE0
setting was [0.30 1.50] ms. Additional noise was random Gaussian white noise (SNR = 50).
The components were separated based on the multi-echo data in the similar manner as
the IDEAL algorithm proposed by Reeder [2]. Such signal separation was performed for the
data sets with the multiple flip angles (20°, 50°, 70°) required for the T1 calculations [4].
Comparison was performed between true of T1,2 and estimated T1,2 using different fH2O(Ta),
where T1,2 is the T1 value for the CH2 component. For the evaluation at multiple
temperatures, the temperature coefficient of T1,2 was assumed to be 2%/°C. Thus the error in
the T1,2 estimation was evaluated at different phantom temperatures Tp, with different
frequency settings.
Phantom experiments were performed at 3T using a water and olive oil. The following
imaging parameters were used; TR, 36 ms; number of echoes, 16; TEn = n TE0, with a TE0
215

range of [1.00 1.30] ms with steps of 0.05 ms; flip angles, 20°, 50° and 70°; spatial matrix, 64
× 64. In the IDEAL algorithm, the multi-frequency fat spectrum model described by Yu [5]
was included to separate the data in H2O, CH2 and CH3 components.
Results
The T1 estimations with different fH2O (Ta) are plotted in Figure 1, for increasing Tp.
The results show significant error when Ta differs from Tp, for a TE0 = 1.00 ms (Fig. 1a). At
TE0 = 1.10 ms (Fig. 1b) these errors were negligible for Tp around room temperature and
normal body temperature. Results have shown that the optimal TE0 settings are 1.10 ms for
room and body temperature, 1.15 ms for the critical temperature in thermotherapy of around
45°C and for higher temperatures up to 70°C, 1.20 ms. These values were based on the
component separation performance of the method. With the setting around the critical
temperature (~45°C) a temperature estimation accuracy of 1.4°C can be achieved.

a

b
Figure 1.
T1 estimations with increasing temperature of the numerical phantom, for a) TE0 = 1.00 ms
and b) 1.10 ms. The legend indicates the graphs for different water frequency settings fH2O (Ta), based on an
assumed temperature Ta. The graph lines show the estimation without noise, the markers with the
corresponding error bars show the mean and standard deviation over 10 trials with noise (SNR = 50).

The phantom experiments were performed at room temperature (25°C), so according
to the simulations the optimal TE0 should be 1.10 ms. A larger bottle was filled with water
and two smaller bottles with olive oil. Figure 2 shows the separated CH2 component of the
data for three different TE0 settings and three different fH2O (Ta) settings. Although it might
not be clear in the image appearance, the variance between images with different fH2O(Ta)
settings within one TE0 is the smallest for the upper row (TE0 = 1.10 ms). The standard
deviation in the region of interest (drawn with a black square in Fig. 2f) was 0.0017 for the
upper row, 0.0032 for the middle row (TE0 = 1.00 ms) and 0.0380 for the lower row (TE0 =
1.30 ms). The arrows in Figures 2d,e and 2g,h point out the subtle variations. The arrow in
Figure 2i points out a more obvious variation.
Discussion
Results of the simulations show that optimal echo time settings exist for this new MR
thermometry technique of fat, which has a high potential of accurate temperature estimations.
However, validation with phantom experiments at different temperatures is still needed. The
remaining ring-like artifacts caused by incorrect psi estimation, can be removed by applying
region growing [6]. In this work only linear increments of the multiple echoes are considered.
One might consider non-linear increments to improve the optimization. The vector
distributions in the complex plane resulting from optimal echo time settings, were found to be
in agreement with Glover [7]. The underlying reason is still unknown and currently under our
investigation. To improve the optimization actively either the echo time or the frequency
settings can be adjusted to increasing temperature.
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Introduction
PRF (Proton Resonance Frequency) based MRI thermometry is a common technique
for monitoring minimal invasive thermotherapies. Standard reference phase subtraction
methods are highly sensitive to tissue motion and external perturbation of magnetic field. Two
methods have been published concerning this problem: A multi-baseline approach [1] and a
reference-less temperature calculation [2] are published. Reference-less thermometry
evaluated by Rieke et all. uses polynomial interpolation from a closed and thick border
towards the inner ROI.
In this paper we compare patient data post processed with a new reference-less PRF
thermometry method using thin open border and harmonic function theory [3] and standard
reference PRF thermometry [4].

Material and Method
Interventions were performed on a 1.5T Avanto (Siemens Healthcare, Erlangen,
Germany) using LITT (Laser-induced Thermotherapy). The study protocol was approved by
the local ethics committee and written informed consent was given by all patients.
Temperature monitoring was performed simultaneous to intervention using a GRE sequence
(TR/TE=950ms/12ms; FA=35°; BW=250Hz/Px; voxel=2.4x2.4x6mm; fat suppression).
Breathing triggering was performed using a belt.
RAW-data were saved and post processed once using the standard reference method
and once using the reference-less method, both implemented in post-processing framework of
the manufacturer (Siemens Healthcare, Erlangen, Germany). Two ROI’s (Region of Interest)
were chosen for the comparison, one in an unheated liver region and one including heated
ablation zone (Figure 2). Within these ROI a circle was defined to extract phase values for
background (reference) phase calculation. The phase on the border has to be homogenous,
free from artefacts, and unheated. This condition becomes realizable in patient using an open
border to exclude artefacts from vessels, liver capsule etc. For reference-less temperature
calculation one pixel thin, 20% opened border was used (Figure 2). Absolute baseline
temperature (i.e. body temperature) was set to 37.2°C for both methods.
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Results and Discussion
For the reference-less PRF method
the temporal standard deviation of
temperature in an unheated liver part
(Figure 1: blue ROI) was 1°C with a
median of 37.2°C including the whole
intervention (20minutes). Using the
standard reference method temporal
standard deviation of temperature in the
same unheated ROI was 4.8°C with a
median of 35.4°C, due to interscan liver
motion.
Figure 4 shows the comparison between
the standard reference and the referenceless PRF thermometry for the heated
zone. The mean difference between
standard reference and reference-less
temperature in image 3 was 4°C. The
standard
reference
temperature
measurement (Figure 4 right) shows an
underestimation of low temperature areas
(around 37.2°C) in both ROIs (Figure 2).
Disadvantages of the referenceless PRF method are the strong border
conditions, which are mandatory for good
temperature accuracy and precision.
Advantages of the reference-less PRF
method are the robustness against
interscan motion and the flexibility due to
the absence of a reference image. By
using the reference-less PRF method, the
ROI for temperature monitoring can be
repositioned / resized, slice orientation /
position and sequence-parameter could be
change during intervention.

Conclusion
Reference-less
PRF
method
estimates the temperature with a better
precision than standard reference method,
solved the problem of intrascan motion
and external perturbation of magnetic
field, and offers more flexibility for
thermometry during an intervention.

Figure 1: Acquired phase image including increase phase
due to heating

Figure 2: Calculated reference phase using 20% open
border. Blue border was used for unheated ROI and red
border for heated ROI. Phase unwrapping was performed
in green border for each channel prior to phase
combination

Figure 3: Overlay of magnitude image and temperature
display with a range of 30°C to 60°C. (Same ROI as
Figure 4)
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Figure 4: Comparison of temperature [°C] in heated zone calculated with standard reference method (left) and
with reference-less method (right)
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Objective
In the liver, MRI has become an important diagnostic tool because of its excellent soft
tissue contrast but it is also increasingly used to control minimally invasive diagnostic and
therapeutic interventions which can be facilitated by additional guidance systems [1]. The CTguided placement of probes for thermal therapy and the subsequent ablation of liver lesions in
an MR environment have already been reported [2]. In this work, we present a technique for
the navigated placement of an RFA probe and the subsequent thermoablation of liver lesions
in a standard, diagnostic 1.5T MRI environment (Siemens Symphony) and report on the
preliminary clinical experience with seven RFA procedures in six patients.
Materials and Methods
MRI control of the RF ablation was indicated when the liver lesions were not visible
on native or late-phase contrast-enhanced CT images. The underlying navigation technique
(Fig. 1, Localite GmbH, St. Augustin) has been described elsewhere [3]. Depending on the
tumor's MR appearance, breath-hold VIBE, HASTE, or TrueFISP data were used as roadmap
for navigation. The RFA needle was tracked optically by attaching a sterilizable tracker to it.
The instrument could then be flexibly aligned and arrested with an autoclavable front-end
module. A special referencing scheme [3] allowed to continuously follow the needle position
on properly reformatted MR images irrespective of the table position. The moving needle was
displayed as a virtual object over the anatomical image on a large 35" x 27" screen inside the
MR room. Placement of the RFA probe (StarBurst Semi-Flex XL, AngioDynamics) occurred
outside the magnet. At any time, the patient could be moved back into the bore for control
imaging during which the cables from the RF generator were simply disconnected from the
patient. RF ablation of the tumor was performed as a function of tumor size and relied on the

Figure 1. Left: System setup during navigation. Right: Navigated placement of the coaxial needle (top)
and view into the bore during control imaging (bottom).
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standardized ablation protocols of the manufacturer. Three different pulse sequences (VIBE,
TSE, HASTE) were used for control imaging.
Results
Seven liver lesions in six patients were treated, four of which were obese (Table 1).
The first patient was treated under local anesthesia and a short breath-hold training was
performed to minimize errors due to different liver positions between roadmap acquisition
and needle manipulation. All other procedures were performed under general anesthesia
where the ventilator was turned off in expiration. The clinical setup and results are illustrated
for patient #4. This patient received additional local anesthesia with 20 ml lidocaine. The
deployed electrodes could be reliably localized with a VIBE sequence (Fig. 2).
A VIBE sequence after Gd-EOB-DTPA administration was also best suited to depict
the ablated volume which was complete in six cases and subtotal in one case due to being
located next to the gall bladder. General anesthesia required an extra 30 min because the
involved anesthetists were unfamiliar with the MR environment. In most cases, heat sink
effects were observed during temperature monitoring which entailed additional heating phases
and added to the procedure time. More control scans and a special pretreatment were required
in the last case because the lesion was located close to the stomach and could initially not be
punctured.

1 61 m 30 Mets of NET
2 72 f 26 CCC
3 43 m 30 Mets of MM
4 53 f 42 HCC
5 61 m 29 Mets of NET
6 75 m 27 HCC

3
3
4
8
3
2
8

Times [min]
Tumor
Needle
Type of Preparati
volume
placement
anesthesia on and
[ml]
and
anesthesia
ablation
4.4
local
37
40
18.0
general
54
46
2.6
42
general
60
0.2
51
27.6
general
59
69
0.6
general
57
37
4.3
general
59
102

Total

Histology

Liver
Segment

BMI [kg/m2]

Sex

Age

Patient

Table 1 Summary of patient details and results.

77
100
153
128
94
161

Mets: metastasis; NET: neuroendocrine tumor; CCC: cholangiocellular carcinoma; MM: (malignant) melanoma;
HCC: hepatocellular carcinoma

Figure 2.
Left: T1-weighted VIBE post contrast used to control the position of the deployed
electrodes (hooks) prior to RF ablation (patient #4). Right: post contrast T1-weighted VIBE used to
visualize the size of the induced RFA lesion.
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Conclusion
The presented method allows to reliably RF ablate liver lesions in a conventional
closed-bore 1.5T MRI in cases where the lesions are poorly CT-visible. The commercial RFA
probes were compatible with the presented navigation technique and hardware. The higher
technical efforts and the uncommon environment for general anesthesia have resulted in a
relatively long preparation time. The time required for an accurate needle placement and
subsequent thermal ablation, however, appears to be comparable to that observed for CTguided placements.
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Objective
RF ablation (RFA) is the method of choice for tumor ablation because of an easy
handling and the ability of multiple applications. The instrument for ablation must be placed
inside the tumor under image-guidance. MRI as intra-operative imaging modality has several
advantages, i.e. the good tumor visibility and the lack of ionizing radiation. In addition, MR
thermometry can be used for treatment monitoring during the intervention [1]. Unfortunately,
the high-power RFA signal of a commercially available medical therapy device destroys the
imaging of the MR scanner that is highly sensitive to interferences caused by external
electrical signals. Thus, a low-pass filter with high-power compatibility is developed, built
and tested. Interferences of the RFA signal with the MR scanner are eliminated enabling
online MR treatment monitoring during RFA.
Materials and Methods
An unmodified commercially available RF ablation therapy system [2] was tested in
conjunction with an interventional 1.0T MR scanner. An MR-compatible RFA needle was
placed inside a MR phantom and imaged by the MR scanner as shown in Figure 1. The RFA
generator is MR unsafe and thus has to be placed outside the MR scanner room in the control
room. A 10m RFA extension cable is used to connect the RFA generator in the control room
to the RFA needle inside the MR scanner. The MR image is completely disrupted, as shown
in Figure 2, when the RFA generator is activated and a high-power RFA signal is applied to
the RFA needle inside the MR scanner. Unwanted signal components, called spurious signals,
of the RFA signal jam the receiver front-end of the MR scanner and completely destroy the
whole MR imaging. The maximum signal level of these spurious signals, that could be
applied inside the MR scanner without disrupting the whole MR imaging, was measured
using a high-performance signal generator HP8664A set to the MR (Larmor) imaging
frequency band.
Signal levels down to -120 dBm caused considerable interferences seen as noticeable
RF artifacts.The high-power RFA signal has to contain unwanted signal components above
this signal level within the MR imaging frequency band as the MR imaging is destroyed
beyond recognition.
A spectrum analyzer set to the MR imaging frequency band was used to measure the
signal components of the RFA signal. The fundamental frequency of the high-power RFA
signal is 456.2 kHz and is well below the MR imaging frequency band around 42.56 MHz of
the 1.0T MR scanner. However, high-order harmonics of the RFA signal fall within the MR
imaging frequency band. The strongest spurious signal is the 93rd harmonic at 42.427 MHz
having a power level of -42 dBm. Hence, the attenuation of these unwanted RFA signal
components has to be at least 80 dB in order to meet the -120 dBm signal limit for RF
artifacts inside the MR scanner.
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Figure 1. Non-interfered MR image of RFA needle
inside a MR phantom in the absence of a high-power
RFA signal.

Figure 2. Completely disrupted MR image when a
high-power RFA signal is applied without any
filtering.

A 5th order butterworth low-pass filter [3] with high-power capability was designed,
built and tested. It is located as a feed-through between the scanner and control room. It
passes the lower frequency components that are mainly carrying the power of the RFA signal
but suppresses the higher frequency components that fall within the MR frequency band and
disrupt the imaging.
Results
The realized RFA filter is measured using a vector network analyzer. A transmission
measurement is shown in Figure 3. The desired attenuation of 80 dB at the MR imaging
frequency band is achieved. The RFA filter was installed and successfully tested at the MR
scanner site. Online MR imaging is enabled during the RFA therapy. Hence, online treatment
monitoring using MR thermometry can be performed during the intervention as shown in
Figure 4.

Figure 3. Transmission measurement of the realized
RFA filter. An attenuation of more than 80 dB is
achieved within the MR imaging frequency band.
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Figure 4. The developed RFA filter suppresses
interferences and enables MR imaging during RFA.
Hence, online MR thermometry can be performed.

Conclusion
The 1.0T MR scanner offers a good image quality and sufficient patient access for
minimally-invasive interventions as proved in several studies [4,5]. Interferences of the highpower RFA signal with the MR scanner could be eliminated and MR imaging during the RFA
therapy is enabled. The developed RFA filter is a low-pass filter and can therefore be used in
other clinical MR scanners, e.g. at 1.5T and 3T, that are using higher imaging frequency
bands. The opportunity for online treatment monitoring pushes RFA even further as the
method of choice for the local tumor ablation.
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Objective
To evaluate the feasibility and safety of a novel miniaturized LITT applicator for laser
ablation of liver malignancies in an open high-field MRI.
Materials and Methods
A miniaturized 6 French (F) double-tubed protective catheter with a closed cooling
circuit was used with a flexible laser fiber (30 mm diffuser tip, Somatex, Germany),
connected to a 1064 nm Nd:YAG laser (Dornier Medilas Fibertom 5100, Germany) and tested
in non-perfused porcine livers in reference to maximum energy deposition (up to 30 watts for
10-20 min, n=210/applicator) of the established 9F system (Somatex, Germany). Two live
pigs were treated to test the feasibility of MR-fluoroscopy-guided applicator positioning and
online-thermometry during LITT in an interventional 1.0 T MRI system, based on the T1- and
PRF-method. The monitored temperature spread was compared with macroscopic findings.
Results
In-vitro, the size of coagulation using the 6F system with maximum applicable power
of 24 W for 20 min was 33 ± 4.4 cm³ was not significantly different from those set by the 9F
system at 30 W for 20 min (35.8 ± 4.9 cm³). A cooling saline flow-rate of 15 ml/min was
regarded to be sufficient for the 6F applicator. MR-navigation and thermometry were
feasible.
Conclusion
The miniaturized 6F applicator can create comparable coagulation sizes as the
established 9F system. Applicator guidance and monitoring of thermal effects are accurate
and controllable.

Figure 1.
Left:
Laser-induced
tissue
coagulation of nonperfused porcine liver
using the miniaturized
6F applicator system.
Right: T1w GRE with
(top)
and
without
(bottom) color encoded
temperature imaging.
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Objective
Percutaneous laser disk decompression (PLDD) has become increasingly popular, as
treatment for persistent low back pain, caused by lumbar disc prolapse. Several authors have
reported on promising results for PLDD under CT guidance and fluoroscopy [1, 2]. To widen
the application of PLDD, monitoring of the laser effects is highly desirable. MRI enables not
only interactive multiplanar navigation [3], but also permits online monitoring of the
temperature spread. The objective of this study was to assess the feasibility of MR guidance
and thermometry during percutaneous laser disc decompression (PLDD) in high-field open
MRI.

Materials and Methods
All experiments were performed in an open 1.0 T MR-scanner with vertical field
configuration (Panorama HFO, Philips Healthcare, Best, NL) and a flexible multi-purpose
surface coil. In 30 discs of human cadaveric lumbar spines, a fluoroscopic PD-w turbo spin
echo (TSE) sequence (TR/TE 600/10ms; TF 36; FA 90°; res. 0.9x1.9x5 mm; scan duration
2 s) was used for positioning of a laser fiber (400 m, Frank Optic Products, Germany) and a
reference temperature probe (reFlex, Neoptix Inc., Canada) within the targeted disc. Three
non-spoiled gradient echo (GRE) sequences (TR 4,14,20; TE 2,7,10ms; fa 27°) were
compared to monitor laser effects at 15 Watt using a 1064 nm Nd:YAG laser (medilas
fibertom 5100, Dornier Med Tech, Wessling, Germany). Temperature distribution was
visualized on the basis of T1- and Proton Resonance Frequency method (PRF) [4]. Image
quality, temperature accuracy and correlation to macroscopic lesion sizes were analysed.
Subsequently, MR-guided PLDD was performed in 14 patients.

Results
MR-guided placement of the laser fiber in the targeted disk was precise. Laser effects
were monitored online in all cases. The best image quality and temperature accuracy (r2 =
0.94) was achieved with the GRE sequence with an echo time (TE) of 7 ms. The correlation
between the macroscopic and MR-lesions was sufficient for the GRE with a TE of 2 and 7 ms
(r2=0.76, 0.63). In vivo, PLDD was technically successful in all cases. No major
complications occurred.
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Figure 1.
Series from left to right: macroscopic lesion post PLDD; corresponding PRF-based MR
thermometry images from the GRE sequence with a TE of 7 ms, temperature map at 1 min and at 9 min;
intraoperative multi-planar navigation shows the final position of the laser instrument in the disc after MR
discography in vivo.

Conclusion
Instrument guidance and PRF-based thermometry of PLDD in the lumbar spine are
feasible and accurate. Using the open high-field MRI with fast TSE and GRE sequence
designs may render laser diskectomies more effective and controllable. This minimally
invasive technique may be a valuable alternative to open spinal surgery in selected patients.
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Objective
MRgHIFU is a hybrid non-invasive method that offers excellent vizualisation of the
tissue contrast for targeting and online thermometry for per-operatory control of the thermal
dose delivery. When targeting moving organs, an important challenge is to obtain effective
thermal lesions of oncologic quality despite the respiratory motion, while preserving the
healthy tissue (i.e. safety). An in vivo study on healthy sheep’s kidney is described here,
demonstrating the capability to obtain sharply focused thermal ablations in renal cortex. The
principle for motion management was to use the same external signal (generated by an optoelectronic sensor) for gating the HIFU beam and the MRI acquisition.
Materials and Methods
The tests were performed in the right kidney of 5 healthy sheep under general
anesthesia (approved protocol by the Veterinary Cantonal Authority of Geneva). First,
preliminary localization and delimitation of the target zone was preformed by sonography
using an US scanner. Second, the animal was installed in a dedicated holder and elementary
sonications were generated at predefined locations in the renal cortex.
Heating was produced by a 256-element phased array HFU transducer (Imasonic,
Besancon, France) with aperture D = 140 mm, natural focal length R = 130 mm and nominal
frequency f = 974kHz. A programmable 256-channel generator and 2D positioning
mechanical system in XZ plane (both from Image Guided Therapy, Pessac-Bordeaux, France)
were used. MR thermometry was performed on a 3T whole body MRI scanner (Magnetom

Figure 1. Targeting of the right kidney cortex in the inferior pole and dual gating of MR thermometry and HIFU
sonication from a single external sensor encoding the respiratory motion.
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Trio a Tim system, Siemens AG, Germany) using PRFS method with spatial resolution of
1x1x5mm3 in three orthogonal planes.
Unlike previously work [1] that suppressed the respiratory motion with breath holding,
respiratory gating was achieved here using an in-house built optical sensor for analogical
encoding of thorax expansion and Smart Star (Rabbit Semiconductor Inc, Davis, California)
with home written embedded real time software. Third, heated regions of the kidney were
visualized 7 days after the HIFU treatment (after administration of Gd agent contrast) and
unperfused regions were assigned. Fourth, 3D reconstruction of the anatomical pieces was
performed under Osirix, after fine slicing (0.6 mm thick) of the post-mortem formalin fixated
organ. Fifth, microscopic histological analyze was performed.
Results
The standard deviation of MR thermometry for interleaved slice excitation with
respiratory gating (no heating, i.e. baseline) ranged between 0.3ºC and 0.9ºC. The results
obtained for 9 elementary sonications systematically showed sharply delineated regions of
thermal ablation of typical size 3x3x5 mm3 which demonstrates accurate management of
organ motion during HIFU. An example of temperature maps at the end of sonication is
shown in Figure 2, in 3 orthogonal planes. Note that the maximum temperature elevation was
32ºC for the presented case.

Figure 2. Single point sonication in sheep kidney in three orthogonal slices (FOV = 128 mm square). The
anatomy of the kidney is clearly visible (ureter, pelvis, calyx, capsule).

Figure 3. a: Perfusion MR image
of the kidney (7 days after the
HIFU sonication) showing 3
different regions: an unperfused
region (ablated tissue- light blue
circle), an medium size artery (e.g.
input function-red circle) and
normally perfused cortex (pink
circle; b) signal kinetics curves
from regions described before; c:
macroscopic picture of the
formalin fixated treated kidney
showing the sharp ablation region.
d: circularly shaped miscroscopic
image of the lesion obtained after
sonication.
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Saturation-recuperation Turbo-Flash sequence of the kidney sheep (Gd-DTPA bolus
0.3 ml/kgbw) performed 7 days post- treatment showed clearly the HIFU ablated region. The
unperfused regions were also depicted by MR signal kinetics curves (see Figure 3b). The
ablation spot is visible at the superior pole as a sharply homogenous spot surrounded by a
hemorrhagic zone (Figure 3c). The lesion shape was similar in histology to that obtained
using Gd T1w MR images. Histological analyze confirmed the uniform necrosis in the heated
tissue, cells in complete involution being shown in figure 3d.
Safety considerations should be made with respect to air-filled bowel or spinal process
adjacent to the kidney capsule (even laterally from the main beam axis). Under such situations
significant reflexions of the HIFU beam were observed at interfaces. An example of unwanted
thermal damage at the bone to tissue interface is shown in Figure 4 a and b.

Figure 4. a,b: Thermometry maps in 2 orthogonal planes showing the reflexions of the HIFU beam on vertebra
transverse process. c: post-mortem image of the kidney with a superficial coagulation lesion.

Conclusion
The current study demonstrate that sharply delineated thermal ablations in renal cortex
can be obtained using the same trigger signal for gating the HIFU sonication and the PRFS
MR thermometry, despite the respiratory motion. Gating on external sensor is considered
herein as sufficient to manage the respiratory motion. A higher level of acoustic power is
required to compensate for the OFF periods during the sonication duty-cycle, still the “deadtime” can be exploited for transducer cooling. The side-effects (beam reflections) remain a
major safety problem to be addressed when performing HIFU ablations in abdomen. High
quality of MR images used for treatment monitoring is required to enable detection of
unwanted hot spots before irreversible lesion occurs.
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Objective
MRI guided Focused Ultrasound Surgery (FUS) for the abdominal organs such as the
liver requires that the focal spot has to be “lock on” the target. The target tracking technique
based on relative displacements of blood vessels [1, 2] were effective for translational motion
and deformation in SI and AP directions. To extend this technique to be three dimensional, we
had proposed a novel technique of through plane vessel tracking based on the tree-like
structure of blood vessels [3]. However,
this technique cannot know the
transformation and deformation of which
direction gives the influence to
displacements of blood vessels in the
sagittal plane. In this study, the
translational motion and deformation of
vessels in the liver with respiration have
been analyzed to accomplish three
dimensional target tracking method.
Materials and Methods
Multiple sagittal plane images of
healthy volunteer’s livers were acquired
by a 1.5T MRI (Signa Excite 11, GE
Healthcare UK Ltd.) with Fast Image
Employing STeady state Acquisition
(FIESTA) under free respiration at a slow
speed and under breath holding. Imaging
conditions were as follows: TR/TE,
1.19/5.11 ms; slice thickness, 5 mm; pixel
size, 0.78 x 0.78 mm2; field of view, 400
x 400 mm2; spatial matrix 512 x 512; flip
angle, 30 degrees. In this study, the time
for one breath cycle was 20 seconds and
41 image set of 4 slices were acquired
under free respiration. To acquire a
respiratory series of volumetric threedimensional images of a cyclically
moving organ, images were assorted

Figure 1.
Method for acquire a respiratory series of
volumetric three-dimensional images of a cyclically
moving organ.
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based on the diaphragm positions of each images. To analyze the deformation of structure of
vessels by a respiration, branching vessels, which existed in all volume images, were selected
as the vessels of interest. In addition, three points which were gravity points of these on the
middle sagittal plane and branch point were selected as remarkable points. The branch points
were acquired by manipulating images of the same respiratory phase group. We have
analyzed a deformation of structure of vessels with respiration.
Acquisition of a respiratory series of local volume - The respiratory series of
volumetric three-dimensional images of a cyclically moving organ were acquired as follows: 1)
Images were divided into inspiratory or expiratory group by the image set of multi slice MR
images on the basis of the difference between a position of diaphragm and next image set’s one.
2) In each part, image set were assorted into any same respiratory phase groups on the basis of
the position of diaphragm in the center slice and the diaphragmatic structure of the breath
holding images. 3) In an image set, if the difference between the diaphragmatic positions
exceeds the criterion value, that image set is removed or exchange image with other image set.
In this study, the criterion value was 10 voxels. 4) To decrease aliasing of structure, the original
images were arranged to the isotropic voxel images by linear interpolation method.
Extraction of portal vessel structure and acquisition of its gravity points - To acquire
the information of vessel structure, local volume images were processed by following steps:
1) smoothing (Sobel filter), 2) thresholding technique, 3) three dimensional region grow
process, 4) three dimensional smoothing (Gaussian filter), 5) three dimensional thinning using
the Euclidean distance transformation [4].
Results
Figure 3 shows the displacements or deformations of branching vessels (Figure 2) for
one breath cycle. is the branch angle. is the angle between a plane with three remarkable
points and the sagittal plane. h is the distance from the branch point to the sagittal plane from
base position. And d is the distance between two remarkable points. In LR direction, the
maximum displacement of the branching vessels was 7.80 mm, and that of the distance
between two remarkable points was 10.65 mm. The maximum deformation of the branch
angle was 68.59 degrees.

Figure 2.
Branching
vessels for displacement
and transformation analysis.

(a)

(b)
Figure 3.
The displacements or deformations of branch vessels for one respiratory cycle. Each
variable at (a) correspond to the same symbol at (b).
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Figure 4 shows the influence that deformation of the tissue gives to distance between
gravity of branching vessels in each volume image’s middle slice (d) for one breath cycle. d dest is the difference between d and dest. On the supposition that triangles of remarkable points
and branch point in a few seconds had a relation of similarity, the distance between gravity of
branching vessels calculated based on h is expressed as dest. The average of d - dest was 4.03
mm and maximum was 8.18 mm. This paramemeter is related to the hepatic deformation.

Figure 4.
Relationship between displacements of branch point in LR direction (h) and transformation of
distance between gravity of branching vessels in each volume image’s middle slice (d) for one breath cycle.

Conclusion
The techniques for measuring three dimensional displacement and deformation of liver
tissue increase accuracy of target tracking. In this study, through plane displacement reached
7.80 mm. This result indicates that the tissue motion and deformation in LR direction is not
negligible. In addition that, the translational motion and deformation of the vessels in LR
direction did not always synchronize with respiratory cycle. And relationship of the
translational motion and deformation was different at each area. In the sagittal plane, the
average distance change between two remarkable points related to the hepatic deformation
was 4.03 mm and the maximum distance change was 8.18 mm. Next step, three dimensional
target tracking method can be accomplished by modifying our tracking method [2, 3].
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Objective
MR-guided high-intensity focused ultrasound (MR-HIFU) is an emerging non-invasive
therapy technique using ultrasound to coagulate target tissue in the body without damaging
skin or intervening tissue. Aim of this study was to evaluate the histomorphology of lesions in
view of core necrosis and the edges in correlation to duration and maximum temperature of
treatment (sonication).
Materials and Methods
The study was performed (1.5T Achieva, Philips) with a special designed scanner-table
transducer. MR imaging before and during the procedure was used to navigate the treatment
cells and to control lesion temperature. A beam of ultrasound energy was focused into 12 mm
target volumes in turkey breast using the feedback cells principle. Lesions were generated at a
maximum ultrasound power of 180 W (frequency, 1195.2 kHz). After treatment, MRI
protocol consisted of B-FFE and T2w TSE imaging. The turkey breast was then cut into slices
and macroscopic lesions were marked with ink. Probes were fixed in formalin.
Histopathology examination was done after hamatoxylin-eosin staining in view of the pattern
of core necrosis and edge distinction.
Results
The average duration of sonication was 25 s per lesion and the average maximum
temperature was 71°C. As suggested, the lesions were found in a depth of 2,5 cm and had the
typical cigar-shaped macroscopy as marked in the planning mode. In the histological analysis
they presented massive thermic tissue damage and detritus centrally. The borders between
treated and untreated tissue were irregular and contained only 9 to 16 cell layers. The
histomorphology of the untreated tissue was in good condition.
Conclusion
Under in-vitro conditions, reliable core necrosis could be achieved in treated muscle
tissue with sharp-edged borders to untreated tissue. This suggests the opportunity to treat also
small lesions in a very focused manner. MR-HIFU seems to be able to treat organ lesions very
targeted.
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Objective
In Cardiac Electrophysiology (EP), trans-catheter radiofrequency (RF) ablations aim
for elimination and/or electrical isolation of the arrhythmia substrate by creating closed loops
of thermally ablated tissue. Ablation lesion contiguity and inclusiveness define the
procedures’ long-term success. During ablations, locations and spatial extents of heat-affected
myocardium have to be visualized and its long-term viability has to be estimated using a
robust and practical biologically justified methodology. While MRI visualization of fresh [14] and older [5-6] EP lesions has been reported, MRI observations of the longer-term
individual lesion pattern evolution are limited. This works reports MRI and histological
observations of the RF lesion evolution ranging from a few minutes up to one month after
ablation. Lesion core and border formation and disintegration processes are demonstrated.
Materials and Methods
This animal study was approved by the animal REB of Sunnybrook Health Sciences
Centre. Using clinical EP catheters, 42 RF lesions were created in the Latissimus dorsi
muscles of 11 rabbits with power/time settings varying in the range 30-35Watt/30-45sec. The
animals underwent MRI on a 1.5T Signa HD scanner (General Electric Healthcare) using
T1w, T2w, SSFP, Subtraction Delayed Enhancement (SDE) and Dynamic Contrast
Enhancement (DynCE). Imaging instants after the ablations were: few minutes (2 rabbits); ~3
hours (9 rbts.); ~1 week (2 rbts.); ~2 weeks (3 rbts.); and ~4 weeks (2 rbts.).
Different MR image acquisition parameters were used during the study. The typical
ones are summarized below. Low-resolution (LR) 3D T2w Fast Spin Echo (FSE) was
acquired with the spatial resolution of 1.25x1.25x5.2 mm and TR/TE of 900/29.7 msec. Highresolution (HR) 3D T2w FSE was acquired with the spatial resolution of 0.31x0.31x1.2 mm
and TR/TE of 900/27 msec. 3D SSFP (FIESTA) was acquired with the spatial resolution of
0.31x0.21x1.2 mm, TR/TE of 14.6/4.2 msec. and FA of 30o. 3D T1w Fast RF-spoiled
Gradient Echo (FSPGR) was acquired with the spatial resolution of 0.31x0.31x1.2 mm,
TR/TE of 20.4/9.9 msec. and FA of 45o. HR 3D SDE imaging was performed using Inversion
Recovery (IR) FSPGR with the spatial resolution of 0.42x0.38x1.2 mm, TR/TE/IT of
15.7/7.5/200 msec. and FA of 25o. Two 3D sets of IR-FSPGR images were acquired per
imaging session – before and after (6-9 min.) contrast agent (CA) injection. The animals were
injected with either 0.05ml/kg of Gadovist or 0.1ml/kg of Gadoteridol. Each pre-CA 3D IRFSPGR set was subtracted from the corresponding post-CA one for better background signal
suppression. During the CA injection, DynCE images were acquired using 2D multi-phase
FSPGR with the spatial resolution of 1.25x1.25x5.2 mm, temporal resolution of 5.6 sec.,
TR/TE of 7.9/2.0 msec. and FA of 45o.
Acquired data was reformatted and post-processed using Volume Viewer v. 9.1.16
(Advantage Workstation, General Electric Healthcare). DynCE data was also post-processed
using in-house developed algorithms and software written in IDL v. 6.4 (ITT Visual
Information Solutions).
At the end of the survival period (~3 hours, ~6 hours, ~1 week, ~2 weeks, ~4 weeks),
the animals were euthanized and the muscle specimens containing the lesions were harvested.
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The specimens were preserved in 10% formalin and a 4-mm thick slice was cut out of each
lesion at its center in the axial direction; these samples were further dehydrated and embedded
in paraffin. Afterwards, one 5-um thick slice was cut out of each original 4-mm thick slice
using microtome, fixed and stained with hematoxilin and eosin (H&E) on glass slides and
scanned (as digital images) at 2-10 um resolution.
Results
On visual examination of gross pathology specimens, the ablation lesions exhibited
irregular forms and complex internal structures, which were not apparent on LR T2w imaging
but were properly reflected by HR T2w acquisitions (e.g. arrow-marked structures on Fig. 1).

Figure 1-A: Digital photo of a RF lesion
specimen ~(6 hrs. after ablation).

Figure 1-B: Rendered and magnified HR 3D T2w FSE
image of the same ablation lesions (~3 hrs. after ablation).

T1w images (Fig. 2) depicted ablation lesions as bright areas surrounded by dark borders at
all time points. A few minutes after ablation, T1 contrast was low. The highest T1 contrast
was observed ~3 hours after ablation. Only slight traces of the lesions were observed 1-2
weeks after ablation on T1w images.

Figure 2-A: T1w image few
minutes after ablation.

Figure 2-B: T1w image ~3
hrs. after ablation.

Figure 2-C: T1w image 1 week after
ablation (same animal as Fig. 2-B).

T2w and SSFP images (Fig. 3) exhibited similar patterns. They depicted ablation lesions as
bright areas with complex borders consisting of darker and brighter strips. The strongest
contrasts and most complex internal lesion structures were observed 1 week after ablations.
The contrasts were weaker and lesion borders were less expressed at a few minutes and 2-3
hours after ablations. At later times (2 and 4 wks. after ablation), the contrasts started fading,
lesion cores became more homogenous and lesion borders became less sharp.

Figure 3-A: T2w
image few minutes
after ablation.

Figure 3-B: T2w
image ~3 hrs. after
ablation.

Figure 3-C: T2w image
1 wk. after ablation
(same animal as 3-B).

Figure 3-C: T2w image
2 wks. after ablation
(same animal as 3-B, C).

In general, SDE and DynCE images exhibited the same pattern as T2w and SSFP
images – namely, the highest lesion core and border contrasts appear at 1 week after ablation
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and fading away later, with fresh (few minutes and ~3 hrs.) contrasts being weaker than the 1
wk. ones. However, on some lesions SDE has revealed protrusions of enhanced tissue in
generally speaking non-enhanced 2 and 4 wks. old lesions (Fig. 4). This observation
corresponded well to histological examinations demonstrating protrusions of regenerative
cells and new vessels growing from lesions’ borders toward the lesions’ core areas.
At some parts of lesion borders, bright halos were observed on SDE and T2w imaging.
Such parts appeared fuzzy on histological images (Fig. 5). In general, histological
examination confirmed the MRI findings. It has depicted that coagulative necrosis [7]
corresponded well with the loss of signal in the core of the lesion (due to water dessication),
as well as edema at the border zone (which appears to have bright signal) between the healthy
(viable) and necrotic core. The majority of lesions were irregularly shaped (Fig. 5-A), which
could be due to the healing/regenerative process at border (which does not evolve
symmetrically towards the core of the lesion) and/or to the presence of vessels prior to heating
that altered deposited heat distribution and preserved the tissue in that specific area.

Figure 4-A: SDE
image 2 wks. after
ablation.

Figure 4-B: Two
upper lesions on 4-A,
4 wks. after ablation

Figure 4-C: Another
SDE image 4 wks. after
ablation.

Figure
3-C:
Uppermost lesion of
4-C reformatted.

Figure 5-A: Histological image of a lesion 2
wks. after ablation.

Figure
5-B:
SDE
image of the lesion.

Figure 5-C: T2w
image of the lesion.

Conclusion
Time evolution of T1 contrast, as opposed to T2 and SSFP, can serve for
distinguishing fresh lesions from old ones. A fresh lesion appears bright on T1w and
moderately bright onT2w/SSFP images, while an older lesion is invisible on T1w images and
considerably brighter on T2w/SSFP images. Enhancement protruding can handicap EP lesion
visualization using LR DE. A lesion with protrusion can appear enhanced (i.e. dead tissue)
due to the low image resolution, while it does contain vital tissue capable of electrical
excitation conduction. Complex lesion core and border structures observed in this study
suggest LR T2w or DE imaging of EP lesions does not allow identification of lesion borders
and affected tissue state. Our future research will be dedicated to verification of observed
phenomena in the myocardium tissue and will include real-time MRI thermal mapping.
References
[1]
T. Dickfeld et al.; Heart Rhythm 2007; 4: 208-214.
[2]
T. Dickfeld et al.; J. Am. Coll. Cardiol. 2006; 47: 370-378.
[3]
H.-L. M. Cheng et al.; J. Magn. Reson. Imaging 2003; 18: 585–598.
[4]
H.-L. M. Cheng et al.; J. Magn. Reson. Imaging 2004; 19: 329–341.
[5]
T. Badger et al.; Heart Rhythm 2009; 6: 161–168.
[6]
J. Taclas et al.; Heart Rhythm 2010; 7: 489–496.
[7]
S. Thomsen; Proc. SPIE January 1999; 3594: 82-95.
239

P-26
Choice of the sonication pattern for rapid volumetric MRgHIFU
ablation under spatio-temporal control of temperature:
ex vivo and in vivo experimental studies
L. Petrușca 1, M. Viallon 1, T. Goget 1, D. Morel 2, V. Auboiroux 1, S. Terraz 1,
C. D. Becker 1, R. Salomir 1
1
Radiology Department, Geneva University Hospital, Geneva, Switzerland
2
Department of Anesthesiology, Pharmacology and Surgical Intensive Care, Geneva
University Hospital, Geneva, Switzerland

Objective
MR guided focused ultrasound is a hybrid technology which aims to perform uniform
tridimensional volumetric thermal ablations of oncologic quality. “Volumetric” sweeping
technique is described in the literature ([1], [2]) and is based on the movement of the focal
point along a predefined trajectory while the heat diffusion in tissue is exploited to
homogenize the treated volume. The effects of different shape of sonication trajectories (line
scans, unitary circle and concentric multi-circle disk [3]) are investigated and compared here
for rapid HIFU ablation, using fast switched foci (interleaved) paradigm. The study includes
ex vivo results on freshly excised muscle and in vivo studies on sheep thigh.
Materials and Methods
A MR compatible phased array HIFU transducer (256 elements, F=974 kHz, spherical
shape, radius 130 mm, aperture 140 mm, element diameter 6.6 mm, Imasonic, Besançon,
France) was used to produce sonications in ex vivo Turkey muscle (degassed for 30 min under
vacuum) and in vivo sheep thigh. The LR and HF translations of the HIFU transducer were
implemented using a mechanical system while the phased array was driven by a 256 channels
generator (both from Image Guided Therapy, Pessac-Bordeaux, France) which provided an
independent control of the signal amplitude and phase for each element. Average acoustic
power used in this study was 120W.
The study was performed on a clinical whole body MRI scanner (Magnetom Trio a
Tim system, Siemens AG, Germany) using a GRE-EPI sequence with echo train length 9, TE
= 8.9 ms , TR=161 ms, FA 10°, BW= 500Hz/pixel, voxel 1x1x5 mm3, 40 to 60 dynamic
scans, 0.2 to 0.4ºC STD. Five slices (1 axial + 1 sagittal aligned each with the HIFU beam
main axis and 3 coronal) were acquired interleaved using PRFS MR-thermometry method in 4
sec/ volume. An 11-cm surface loop coil (receive-only) was used with the HIFU beam
propagating trough the coil aperture.
Volumetric heating using different sonication patterns were experimentally compared:
a). line scan versus circular trajectories; the linear segment length and respectively the circle
diameter were set in independent experiments at 4, 8, 12, 16 and 20 mm;
b) line scan versus disk (i.e. concentric multi-circle), setting the length of the linear segment
equal to the outer circle diameter (see Table 1).
The foci positions along the sonication pattern were iteratively swept by the steered
HIFU beam during each MR acquisition of one data volume (i.e. the number of sonication
cycles equal to the number of dynamic scans). The total duration of sonication was prescribed
according to the equation:
DURATION [sec] = 20 * PATTERN_SIZE [mm]
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where PATTERN_SIZE stands for the length of the line segment or for the diameter of the
circle, respectively.
Table 1. Volumetric sonication patterns compared: lines, circles and disk

* *

* ***

L=D=
4 mm
P=8 points

* * * * * * *
***
* *
* **
L=D=8 mm
P=16 points

*
*
*

** *
* * *

*
*
*

L=D=12 mm
P = 24 points

* * * * *

*
*
*

*
* * **
* * **
*

L=D=16 mm
P = 32 points

*
*
*

* * * * * *

* * * * * * *

* * * * **
*
*
*
*
*
*
*
**
*
* * **

* ***
* ** ** ** ** * *
* * * * **
* * * ********** * *
* *** ** * ** ****
* * * ** * *
* * **

L=D=20 mm
P = 40 mm

L=24 mm
D=4,8,12,16,20
mm

The delivered acoustic power was invariant within the same pattern, whatever the steering,
and temporal modulation of duration of individual focus sonication was used to adjust the
local energy deposition. Automatic feedback compensation of energy deposition at each
focus (closed loop control) was implemented to produce similar temperature elevation at each
location. The target temperature elevation tracked by the automatic controller was set to
17.5ºC (corresponding to 55°C absolute temperature).
In vivo experiments were conducted on 4 healthy sheep (average bw 35 kg) under
general anesthesia without wake-up, in the thigh muscle. Skin was carefully prepared to
enable optimal propagation of HIFU. The protocol was approved by the Animal Research
Ethics Committee of the University of Geneva and by the Cantonal Veterinary authority of
Geneva.
Results and discussion
The maps of temperature elevation measured in two orthogonal planes at the end of
the sonication process for a line and a circle trajectory (length = diameter = 16 mm) under
automatic feedback control are shown ex vivo in Figures 1.a,b and in vivo in Figure 2.a,b. The
temperature profile along the direction of HIFU beam propagation is also shown (frames c,f
for both figures). These results clearly demonstrate the tendency of the maximum elevation in
temperature to drift towards the near field of the transducer for the circular patterns (3 to 12
mm drift, lineraly incresing with the diameter). In case of the line scan trajectory, the thermal
build-up remains longitudinally symetrical with respect to the prescribed position of foci
plane.
Figure 1. Ex vivo
temperature maps in axial
(a, d) and coronal (b, e)
planes at the end of
sonication along linear (ac, L =16 mm) and circular
(d-f,
D=16
mm)
trajectories,
using
feedback control of the
energy deposition. Frames
c and f illustrates the 1D
temperature profile along
the beam propagation
axis. Zero coordinate
stands for the prescribed
treatment plane. Positive
direction points towards
the near field.
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Figure 2. In vivo
temperature maps in axial
(a, d) and coronal (b, e)
planes at the end of
sonication process along
linear (a-c, L =16 mm)
and
circular
(d-f,
D=16mm)
trajectories.
Frames c and f illustrates
the 1D temperature profile
along
the
beam
propagation axis. Zero
coordinate stands for the
prescribed
treatment
plane. Positive direction
points towards the near
field.

Figure 3 illustrates the temperature maps for a 24-mm length line versus 5-concentric multicircle pattern (diameters equal to 4, 8, 12, 16 and 20 mm). For this case, the drift of the
thermal patterns towards the transducer was equal to approximately 30% of the outer circle
diameter for disk trajectory.
Figure 3. Ex vivo
temperature maps in axial
(a,d) and coronal (b,e)
planes at the end of
sonication process along
linear (a-c, L=24 mm) and
disk (d-e, D=4, 8, 12, 16,
20 mm) patterns. Frames
c and f illustrates the
temperature profile along
the beam propagation
axis. Zero coordinate
stands for the prescribed
treatment plane. Positive
direction points towards
the near field.

Conclusion
Our experimental results showed that sonication trajectories describing circles or disks
are not suitable for rapid volumetric HIFU ablation under continuous sonication. They
produced asymmetric heating and significant thermal drift towards near field, which depended
on trajectory size, ultrasound absorption in tissue (hence on operating frequency, too) and
focusing number of the transducer. Because of this case-specific dependence of the thermal
drift, the magnitude of the reported effect is a-priori unpredictable in vivo raising safety
concerns. Line trajectories appeared to provide the best results for complex treatments with
drift-free and uniform thermal buildup. Further standardization of therapeutic procedure may
be required for clinical treatments using volumetric HIFU.
References
[1]
J. Palussiere, R. Salomir, B. Le Bail et al., Magn Reson Med 2003.
[2]
R. Salomir, J. Palussiere, F.C. Vimeux et al., J Magn Reson Imaging 2000;12:571-583.
[3]
M.O. Köhler et al., Phys Med 2009;36:3521-35.
242

P-27
Clinical experience with navigated liver biopsies in a closed-bore
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Objective
We report on our clinical experience with using an add-on navigation solution for
percutaneous liver biopsies in a standard, closed-bore 1.5T MRI. The technique involves an
optical stereoscopic instrument tracking and an automatic and continuous patient registration
and allows the interventionalist to easily manipulate the instrument outside the bore with realtime feedback on its virtual position. The patient needs to be moved into the magnet for
anatomical and reference data acquisition and for control imaging only.

Figure 1.
Clinical setup with add-on components in place. Left: Interventionalist is guided by MR
images that are reformatted in real time and displayed on a large in-room screen (SCR). Right: The device
(DEV) is tracked optically with a stereoscopic camera (CAM, left). A reference board (REF) attached to the
MR table is the basis for continuous registration of the instrument with respect to the MR roadmap data.

Materials and Methods
The study was approved by the institutional ethic committee and written informed
consent was obtained from all patients. We selected patients with liver lesions that were not
adequately visible on CT images. The flexible add-on system for stereotactic navigations
(Localite GmbH, St. Augustin, Germany) has been described previously [1]. An overview of
the clinical setup with the patient and the add-on components in place is shown in Figure 1.
Before the procedure, a short breathhold training was performed with every patient to realize
the same level of inspiration during needle insertion and roadmap data acquisition. After
preparation and positioning, the patient was moved inside the magnet for patient registration
and acquisition of the anatomical reference data. Data from fat saturated, T1- and T2-weighted
sequences (VIBE and HASTE, slice thicknesses of 3-8 mm) were used as roadmap. The
trajectory was defined with a 16G, 115 mm long coaxial needle properly inserted into a
special guiding device (front-end module, Leipzig University/Invivo Germany GmbH,
Schwerin). Local anesthesia was administered (10 ml of a 1% lidocaine solution) along the
trajectory. The needle was then inserted and its position was verified by moving the patient
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into the bore for control imaging. During the last five interventions, the geometry of the
control scan was automatically set along the realized, mostly oblique needle trajectory using a
vendor-provided socket tool (Siemens Healthcare, Erlangen, Germany). After control
imaging, biopsies were taken with coaxial 18G true-cut systems (Invivo, Schwerin and
Somatex, Teltow, Germany). The first ten patients have been arbitrarily defined as a learning
phase and were tested against the remaining patients (normal phase) using an independent
samples t-test.

Figure 2.
Example of a navigated liver biopsy. (a) No lesion was detected with CT. (b) Suspect lesion
(histology: HCC) could be clearly delineated on T2-weighted images (HASTE sequence) and was located at a
depth of 125 mm. (c) Final control image (VIBE sequence) indicates proper placement of the needle as
suggested by the artifact. One intermediate control scan had been performed to verify the trajectory.

Results
Twenty-three liver biopsies in 22 patients (BMI = 19-36 kg/m2) were successfully
guided with the Localite system without major complications. A sample procedure is shown in
Figure 2. In 19 of 23 cases (lesion depths between 47 and 135 mm) the needle trajectory was
double oblique. Patient preparation and access planning required an average of 13 min, each.
The mean intervention time, including three control steps (average) until the final control
image, was 20 min, resulting in a total procedure time of 48 min (26-80 min). Biopsy samples
were diagnostic in 22 of 23 cases. There is a trend toward reduced procedure times although
the difference between training and application phases (55 min vs. 43 min) was not significant
(Fig. 3). The automatic setting of the scan plane for control imaging is considered to improve
workflow and usability.

Figure 3.
Total procedure times as a function of number
of (consecutive) cases and corresponding box plots of first 10
(learning phase) and remaining 13 patients. Differences did not
reach significance.
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Conclusion
The presented navigation solution could be successfully used for MR image-guided
punctures in a closed-bore scanner. It may be of particular assistance for challenging
interventions with a double oblique approach or lesions that are located at deeper or more
difficult locations. The breathhold protocol is considered essential to allow proper guidance in
a moving organ. In comparison with a robotic solution for closed-bore scanners [2], the
presented setup is more compact and flexible which will better allow applications in other
regions or more obese patients.
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Objective
Usually percutaneous nephrostomy is performed under sonographic guidance in a
fluoroscopy suite. Although it is well known for a long time that MR provides detailed images
of the upper urinary tract [1,2], there still exist only very preliminary results that have been
reported about MR -guided percutaneous nephrostomy [3,4]. The purpose of this study was to
assess the safety and feasibility of MR-guided percutaneous nephrostomy (MRPCN) using an
open 1.0T scanner and MR fluoroscopic imaging.
Materials and Methods
MR guidance and monitoring was performed using a 1.0T system (Panorama, Philips,
Best, The Netherlands). A belt-shaped 21-cm-diameter loop receive-only coil was used for
signal reception and placed in the region of the kidneys. Imaging and the percutaneous
puncture of the collecting system was performed in a prone/semilateral position of the patient
slightly rotated with the contra-lateral side up. An in-room RF-shielded liquid crystal monitor
was used for image viewing at the side of the magnet analogous to a fluoroscopy monitor. The
equipment included an 18-gauge MR-compatible titanium puncture needle, a nitinol guide
wire, different tract dilatators and a 7.6F nephrostoma-catheter. A fluoroscopic fast T2weighted single shot turbo spinecho sequence (TR/TE 1000/100 msec) in two orthogonal
planes was used to guide the insertion of the needle into a predetermined calix during MR
monitoring. The skin entry site was defined with finger pointing in an interactive mode.
Images were acquired continuously with a frame rate of 1 sec. MR fluoroscopy was finished
after the needle was placed deeply in the pelvic system. The table was then moved outside the
magnet and thecatheter was inserted via Seldinger technique. The correct placement of the
device within the urinary collecting system was confirmed by T1w GRE sequences acquired
in coronal orientation after injection of diluted Gd-DTPA into the collecting system.
Results
So far we performed 35 MR-guided nephrostomies on 25 patients. In all patients the
instillation of the PCN was technically successful. The guiding procedure could be completely
performed inside the magnet. With the help of fluoroscopic images in two orthogonal planes,
the puncture needle was safely directed into the target calyx. Even slight deviations of the
needle trajectory were detected with this set-up of two orthogonal MR image planes, which
enabled immediate readjustment of the needle to the optimal path. Under the experimental
conditions of the study, the time for the complete procedure was approximately 30 minutes.
Puncture and placement of the nephrostoma was performed on an average in 5minutes.
Conclusion
In the new open system MR-guided interventions could be performed quick and safe.
So far previous studies were performed in low-field open systems having low SNR or in
closed high field systems of 1.5T with limited access to the patient, therefore MR guidance
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traditionally has not been considered for percutaneous nephrostomies in a routine setting. The
advantages of MR fluoroscopy as missing radiation, high tissue contrast and multiplanar
imaging and the availability of new open high field systems should encourage broadening the
spectrum of indications and procedures as drainage of fluid collections considered as suited in
a routine setting.

a

c

b

d

Figure 1.
Percutaneous nephrostomy using the interactive mode. Image planes could interactively be
adjusted to image the entrance point and the pelvic system in one plane. Perpendicular to this plane a second
plane was adjusted to follow the pathway in two perspectives. Images were acquired in continuous mode with a
frame rate of 1 image per second. Finger pointing to determine the entrance point in transversal (a) and coronar
(b) orientation. Puncture of the pelvic system in corresponding slice orientations (c/d).
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Objective
With the increasing role of MRI in diagnosis of musculoskeletal conditions clinicians
have explored the possibility of using MR guidance for musculoskeletal procedures [1].
Open-configuration scanners provide an access to patients during scanning procedure and
therefore permit interventional procedures to be monitored with MRI. Many navigation
concepts are currently available [2]. Active concepts like optical and radiofrequency guidance
require expensive hardware, instruction of surgical and non-surgical personal and are often
limited by image distortion. Our purposed passive, easy and inexpensive navigation concept is
based on the cross-sectional nature of MRI. Thus, no switching between orthogonal planes is
required. Handling and accuracy were evaluated in the example of retrograde drilling of (OD)
of 10 cadaveric tali. Poor visualization under conventional X-ray control and the complex
anatomy of the ankle can lead to damage of the bone and cartilage.
Materials and Methods
Artificial osteochondral defects were simulated in 10 human cadaveric specimens. All
tests were performed on a 1.0T open MRI PANORAMA (Philips Medical Systems, Best,
NL). For navigation we used a custom-made MR-compatible drilling device (Fig.1). For
visualization, it was marked with liquid filled tubule on its opposite ends. Navigation concept
(Fig.2): The first step was to orientate a single image plane in order to achieve the desired
direction for the drilling. Second step, under interactive near real-time image acquisition the
drilling device was aligned to the selected plane using the filled markers as a reference. Third
step, the two markers of the drilling device were positioned in the direction of drilling onto
the osteochondral lesion. Fourth step, drillings were performed under interactive PDW TSE
(TR:400 TE:8; 1.6s/image) control by a MR-compatible drilling machine (Invivo, Schwerin,
Germany) with a 3.4mm titanium spiral drill. Histological specimens were made and the
distance of the drilling canal and the artificial OD lesion were measured.
Results
The navigation concept was fast and safe in practice. The drilling device was easy to
handle. Markers of the device were excellent visible and allowed a fast navigation and drilling
procedure. Histological specimens showed that the artificial lesion was hit in all cases without
perforating the overlying cartilage and an accuracy of 1.4mm to the artificial lesion (Fig.3).
Due to the use of a low artifact titanium spiral drill and spin echo sequences metal-related
susceptibility artifacts were minimal and allowed an exact assessment of anatomical structures
and a safe drilling. Interactive PDW TSE was optimally eligible for near real-time image
acquisition and intervention.
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Figure 1. Custom-made
navigation device with opposite
markers for visualization.

Figure 2. Navigation concept.
1. Single plane determination
2. Marker orientation in the
defined plane
3. Determination of the drilling
direction by adjustment of
the markers
4. drilling

Figure 3. PDw TSE image
post drilling, the two markers
are orientated in plane and in
line with the artificial OD.

Conclusion
We presented a new, safe, passive and inexpensive navigation concept for MRIassisted procedures. The utilization seems to be manifold. Despite the navigation of MRIassisted procedures like drilling of OD of the talus or knee, the utilization for drilling canal
positioning for the ACL reconstruction of the knee, puncture or biopsy procedures of
musculoskeletal conditions under MRI guidance are also imaginable. It represents a well
alternative to conventional navigation concepts.
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Objective
To test the hypothesis that MR imaging guided triamcinolone acetonide injection into
the sacroiliac joints of children with enthesitis-related arthritis is feasible, accurate and safe;
and effectively reduces sacroiliac inflammatory activity and joint destruction.
Materials and Methods
A retrospective analysis was made. 48 MR imaging guided sacroiliac joint injections
were performed in 14 subjects (43% [6/14] female, 57% [8/14] male; mean age, 13.2 years;
range, 6 – 16 years) with enthesitis-related arthritis and MR imaging verified acute sacroiliac
inflammatory arthropathy despite medical therapy. Procedures were carried out either at a Cshaped 0.2 Tesla (Magnetom Concerto, Siemens Medical Solutions, Erlangen, Germany) or
open-bore 1.5 Tesla MR imaging system (Magnetom Espree, Siemens Medical Solutions). 20
mg triamcinolone acetonide was injected into each sacroiliac joint. Technical data assessed
were success of intra-articular drug delivery; image quality, time requirements, and
occurrence of complications. Volume of the sacroiliac inflammation, time of remission and
joint erosions and chronic changes were assessed by serial follow-up MRI.
Results
48/48 MR imaging guided sacroiliac joint injections resulted in intra-articular
accumulation of the injectant. Image quality was sufficient for safe and accurate puncture.
Procedure time was 40 (28-54) min. Sedation time was 22 (15-38) min. No complications
occurred. Sacroiliac inflammation decreased significantly (-59%, p=<0.001). Median
remission time was 13.7±2.7 months. No erosions occurred.
Conclusion
We accept the hypothesis that MR imaging guided triamcinolone acetonide injection
into the sacroiliac joints of children with enthesitis-related arthritis is feasible, accurate, and
safe and can effectively reduce inflammatory activity, and that it may therefore aid in the
prevention of sacroiliac joint destruction.
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Tailored interactive sequences for continuous MR-image-guided
freehand biopsies of different organs in an open system at 1.0
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Objective
To assess feasibility, image quality and accuracy of freehand biopsies of lung, liver,
soft tissue and bone lesions using bFFE (gradient + spin echo), FFE (fast gradient echo) and
TSE (fast spin echo) sequences for interactive continuous navigation in an open MRI system
at 1.0 T.
Materials and Methods
24 MR-guided biopsies (1 lung, 13 liver, 7 soft tissue, 3 bone) were performed in a
1.0-T open magnetic resonance (MR) scanner (Panorama HFO; Philips Healthcare, Best, The
Netherlands) with a light weight, vertical field, super-conducting magnet and a built-in
solenoid technology transmit/receiver quadrature body coil. Surface body coils were used
respective to the anatomic region whenever the interventional access route permitted it. The
MRI system has a gap of 40 cm between tabletop and upper cover, a patient aperture (width)
of 160 cm and a maximum Field of view (FOV) of 45 cm.
Depending on the lesion’s size and location, 14-to-18-gauge MR-compatible biopsy sets
with a length of 100 or 200 mm (Somatex Medical, Teltow, Germany), 14-to-18-gauge MRcompatible semi-automatic biopsy guns with a length of 100 or 150 mm (Invivo, Schwerin,
Germany) or 11-gauge MR-compatible bone marrow biopsy needles with a length of 100 mm
(Somatex Medical, Teltow, Germany) were employed.
Figure 1, 2 and 3 demonstrate MR-image-guided freehand biopsies of different organs,
with different sequences and TE, TR and flip angle parameters applied. Complications and
pathological biopsy reports as an indicator for lesions hit were recorded. Average patients’
age was 49 (min. 28; max. 70). 13 female and 11 male patients were included. The mean
intervention time was 27 min.

Figure 1.
Progress of an adrenal gland biopsy in parasagittal (A-E) and paratransversal (1-5) image
acquisitions, applying a T2W TSE sequence with TE 90, TR 1000 and flip angle 90°.
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Figure 2.
Paratransversal (A) and parasagittal (B) image acquisitions during a lung biopsy, applying a
bFFE sequence with TE 2.7689, TR 5.5378 and flip angle 45°.

Figure 3.
Paratransversal (A-D) and parasagittal (E, F) image acquisitions during a liver biopsy,
applying a T1 TSE sequence with TE 5.3469, TR 100 and flip angle 110°.

Results
Depending on the organ of the lesion to be approached as well as on the surrounding
tissue, continuous image acquisition for biopsy was performed with bFFE (gradient + spin
echo), FFE (fast gradient echo) or TSE (fast spin echo) sequences.
Our initial results indicate that bFFE is particularly suitable for fast moving organs
(pulmonal, paracardial), moving organs are targeted better with T1W TSE, TIW FFE (liver)
or T2W TSE (adrenal glands), and static organs are successfully approached with PD (spine)
or T1W TSE (peripheral bones, musculoskeletal system). The respective TE, TR and flip
angle parameters are provided in Table 1. Qualitative estimates of signal to noise ration and
artifact sensitivity are also reported since they may affect the choice of the adequate sequence
for a possible intervention.
We recorded no adverse events related to the use of MRI. No major complications
occurred. Average lesion size was 35 mm (min. 15; max. 65). MR-guided biopsies yielded a
high technical success rate in our preliminary results.
Conclusion
Applying tailored interactive dynamic imaging sequences for continuous navigation of
lung, liver, soft tissue and bone lesions improves image quality, interventional accuracy and
feasibility of freehand MR-guided biopsies and may hence reduce the risk of complications.
Compared to CT-guided biopsies, the excellent soft-tissue contrast of the MR-approach
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without radiation as well as the arbitrary slice selection for maneuvering even to delicate
locations may increase future demand and use of MR-guided biopsies for some organs and
regions.
Table 1.

Interactive sequences for image-guided biopsies.

Sequence
bFFE (gradient + spin echo)
Parameters used (T2W;T2W):
- TE 2.2; 2.7689
- TR 4.4; 5.5378
- Flip angle 60; 40-45
FFE (fast gradient echo)
Parameters used (T1W;T2W):
- TE 6; 15
- TR 12; 24
- Flip angle 35; 15
TSE (fast spin echo)
Parameters used(T1W;PDW; T2W):
- TE 5.7; 10; 90
- TR 200; 600; 1000
- Flip angle 90; 90; 90

Images acquisition
rate
very high !!!
(1.3 per second)

Signal to noise ratio
(SNR)
very low """

Artefact sensitivity

high !!
(2.0 per second)

low ""

high !!

low "
(3-4.4 per second)

high !

low "

very high !!!

Qualitative range estimate: very high !!!, high !!, moderately high !, moderately low ", low "", very low """
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Objective
Image guided interventions gained more and more importance over the last few years.
This is due to the increasing number of minimal invasive procedures in modern therapy where
a modality to monitor the intervention is required [1,2]. With the introduction of open
magnetic resonance imaging (MRI) the use of MRI as a modality to guide interventions
increased rapidly [3-5]. Magnetic resonance (MR) guided interventions are often addressed
with the term “real-time” although most of the imaging sequences used have recording times
of 0.5 up to 6 seconds per image. Aim of this study was to quantify the effect of the frame rate
on the efficiency of MR-guided interventions in static organs.
Materials and Methods
All measurements were performed in an 1.0 T open MRI (Panorama, Philips,
Netherlands). As interventional sequence we used a gradient echo sequence (flip angle = 20°;
TR/TE=12/6 ms; voxel size=1x1x5 mm; FOV=230x200 mm; acquisition time ta=1s). We
measured the influence of acquisition speed on the duration, accuracy and error rate of
interventions systematically using a simplified static interventional setup. The study included
the localization of the image plane using the finger-pointing-technique and the intervention
starting with the penetration of a static agarose puncture phantom with an MR-compatible
needle and ending with hitting a target centered in the phantom. Variable acquisition times
were simulated by intermediate time intervals of 0, 1, 2, 3, 4 and 5 seconds. The interventions
were performed by 20 volunteers divided into experienced (A) and unexperienced (B).
Results
The mean duration of the whole intervention over all volunteers and acquisition times
were 2 minutes. The significant differences comparing the two groups were limited to the
localization times and corrections made. The mean accuracy was 5.6 +/-3mm. At the shortest
acquisition time the mean duration to localize the image plane was 25 +/-12s for
unexperienced and 22 +/-13s for experienced volunteers. With increasing the acquisition time
to 6 seconds we found an increase of up to 55 +/-21s for unexperienced and up to 37 +/-12s
for experienced volunteers. A similar increase was observed for the interventional time which
raised for the unexperienced from 59 +/-36s to 122 +/-21s and for the experienced from 47 +/23s to 83 +/-12s. Only a minor increase in the number of corrections was seen for both
groups. A significant influence of the acquisition time on the durations and corrections was
only found with acquisition times beyond 4 seconds per image. No significant increase of the
SNR or CNR was found.
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Figure 1.
left) Phantom consisting of gel filled in
a synthetic box. middle) bSSFP image of the MRmarker on the back of the cover corresponding to the
plotted clock-face on top. right) Interventional GRE
image of the phantom. The regions of interest (ROI)
demarked by A, B and C were used to measure the
SNR and CNR values.

Figure 2.
Plot of the duration of the
puncture tp versus the acquisition time. Group
A: experienced volunteers, and group B:
unexperienced volunteers.

Conclusion
Although the imaging speed is a crucial factor for MR-guided interventions,
acquisition times of up to 4 seconds per image are sufficient for a precise and efficient
intervention in static organs. Even longer acquisition times of above 4 seconds still allow safe
interventions but will extend the duration of the procedure.
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Objective
MR-visible reference structures or markers can be useful for various interventional
purposes [1, 2]. An automatic referencing of MR markers relies on an accurate and reliable
definition of their positions inside the bore. One approach is to use inductively coupled
miniature RF coils as MR-visible markers and to use dedicated image analysis software to
localize their signals in fully reconstructed MR images [3]. The purpose of this work was to
design miniature markers for applications at 3T and to evaluate their performance and
accuracy in combination with a custom-made localization technique.
Materials and Methods
A solenoid coil (6 turns, length 5 mm) was wound around a small water reservoir and
tuned to the resonance frequency (≈123 MHz) of a 3T MRI scanner (Tim Trio, Siemens
Healthcare, Erlangen). The MR signal is generated by inductive coupling with the transmitter
(whole body) and receiver coils (body and spine array). The advantage of this design is the
absence of any connecting wires to the scanner. A standard grid phantom (16 mm spacing,
estimated machining accuracy ≈0.1 mm) was placed over two bottles filled with NiSO4
solution and was properly aligned to the x (left-right) and z (superior-inferior) axes of the
scanner (Figure 1). Using a balanced-SSFP sequence (TE/TR=4.8/9.1 ms, FA=0.4°, TA=14 s,
square 300-mm FOV, ST=300 mm, matrix=512×512) with and without the vendor’s
distortion correction, the marker was scanned five times in each of 20 accurately defined
positions along the x and z axes in a ±150 mm range around the isocenter. Automatic 3D
localization was carried out via a robust analysis tool based on 2D Gaussian fitting of the MR
signals in three orthogonal projection images (sagittal, coronal, transverse) [4]. Localization
accuracy was estimated by calculating the mean difference between fitted marker peak and

Figure 1.
Experimental
setup
for
accuracy measurements showing marker coil
on a standard grid phantom. Marker was
displaced in steps of 16mm.

Figure 2.
Typical balanced-SSFP marker images
acquired from three standard views. 3D surface plots of
simulated marker images illustrate the relation between
marker and background signal intensities.
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grid positions. Deviations in 3D were then estimated by d3D=√(2dx2 +dz2) considering the
symmetry of the x and y gradients. Localization was also performed on synthetic signals to
evaluate the inherent accuracy of the algorithm without errors introduced by the processes of
MR signal generation and imaging.
Results
The high contrast between marker and background signal intensities is illustrated in
Figure 2. Localization was successful in all (n=200) cases despite the presence of larger
banding effects typical for balanced SSFP imaging (Fig. 2).

Figure 3.

Plots of the absolute deviations as a function of the marker distance from the isocenter

Figure 3 shows that the measured localization errors tend to increase with the distance from
the isocenter (Fig. 3) along both x and z-directions but were generally very small. The mean
errors in x/z-direction without and with gradient correction are given in Table 1. The resulting
3D accuracies were ≈0.7 and ≈0.5 mm, respectively. For the simulated profiles, the mean
errors in x/z-direction were slightly lower (0.15 mm).
Table 1 Experimental results of the accuracy measurements.

Axis
x
z
3D

Estimated Accuracy [mm]
Without distortion
With distortion
correction
correction
0.30 ± 0.20
0.35 ± 0.20
0.50 ± 0.35
0.20 ± 0.15
0.66
0.53

Conclusion
The presented 3T MR-visible markers could be automatically, quickly, and
successfully localized on MR marker images acquired with a standard pulse sequence at very
low flip angles. Within a large FOV, the estimated 3D localization errors were relatively
small (<1 mm), in particular with the distortion correction enabled. While such 3T reference
markers have many potential applications in neuro and body MRI, they appear to be
particularly suitable for the breast and prostate, where imaging findings seem to benefit from
the higher field strength [4].
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Objective
Higher field MR scanners with patient access akin to CT are now commercially
available, facilitating real-time MR-guidance of physician guided needle trajectories in
closed-bore systems [1]. The ability to consistently align the scan prescription with the needle
trajectory in real-time as it changes remains a challenge. Addressing this issue would be
useful for continuous monitoring of moving targets, as well as the ability to dynamically
change needle trajectories. Trajectory guidance would also be useful when the lesion is
superficially located, or when several applicators are placed in close proximity obscuring the
ability to resolve individual needles, such as cryotherapy. Here we describe initial feasibility
tests in using a passive marker with a phase-only cross correlation tracking technique for realtime adaptive needle trajectory tracking at 1.5T.
Materials and Methods
All procedures were performed in a short bore (120 cm) 1.5T clinical MRI scanner
(Magnetom Espree vB15, Siemens Medical Solutions) with a wide aperture (70 cm) for
increased patient access during imaging. Signal reception was achieved using a receive only
single loop surface coil or body matrix array atop the site of interest in conjunction with the
Tim spine array from underneath. A table side, in-room monitor (MRC) was used for realtime visualization of procedure progress from either side of the bore or patient table. Communication between technologist and radiologist was facilitated using an MR compatible
communication system with digital noise reduction (IMROC, OptoAcoustics) (Fig 1).
A modified 3-plane acquisition (two FLASH acquisitions followed by one orthogonal
bSSFP acquisition) was used to adaptively update the MR prescription to capture the needle
trajectory in real-time [3-5]. Employing a phase-only cross-correlation (POCC) algorithm, the
contrast-containing needle sleeve (Invivo, Schwerin, Germany) [2] was automatically identified in the FLASH images, and the bSSFP image was then oriented parallel to the needle
trajectory. For initial alignment, a single slice orthogonal to the sleeve is prescribed from a 5plane bSSFP planning sequence (TR/TE/FA=3.6ms/1.4ms/72º, 256x192, 5mm thick slices,
0.7s per acquired plane) (Fig 2a). From this, two parallel T1-w FLASH planes are prescribed
(α = 20°) with a separation of 2-6 cm (Fig 1). Real-time POCC was used to identify the location of the sleeve on these images and the trajectory was sent to update the 3rd plane
prescription (bSSFP with α=70° for T2-like contrast in lesion) to maintain a view of the
needle sleeve and needle. Real-time sequence parameters were: TR/TE=4ms/1.9ms, matrix=
256x192 (partial Fourier), slice thickness = 6mm, 1.5s-2s per 3 acquired planes). A breast
biopsy phantom (Invivo Corp.) and tri-modality abdominal phantom (CIRS, Inc) were used
for initial testing of the sequence prior to use in patients (Fig 1).
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Results
The radiologist was able to reach into the scanner to manipulate the needle and sleeve
in real-time while observing the projected needle trajectories on the in-room MRC (Fig. 3).
The scan prescription followed the trajectory of the contrast-containing needle sleeve, which
was consistently visible, on oblique axial and sagittal acquisitions. Periodically the tracking
algorithm would fail to register on one of the FLASH planes. In many instances, the tracking
algorithm could self correct after 1-2 acquisitions, at other times, the sequence needed to be
restarted. Retrospective analysis of the FLASH images revealed these failures were often the
result of the algorithm locking onto structures in the hand/finger as opposed to the sleeve, or
from placing the initialization slice too high/low. Mean deviation between the overlaid
trajectory and the needle tip (n = 10 time points) as a function of FLASH tracking slice
separation demonstrated the mean deviation and uncertainty decreased with larger slice
separation (Table 1).
Table 1 Needle-to-trajectory deviation (∆r) and tracking plane separation distance (∆x) in patient
∆x
∆r+STD (Min-Max)
(cm)
(mm)
2
5.0+3.6 (0-10.5)
4
2.8+2.6 (0-5.9)
6
1.7+1.4 (0-4.5)

needle sleeve
contrast work
gel
channel

In-room monitor

Real-time MR-guided
manipulation

image 1
(FLASH)

image 2
(FLASH)

(a)

image 3
(bSSFP)

Figure 1. A breast biopsy phantom (Invivo Corp.) and trimodality abdominal phantom (CIRS, Inc) were used for initial
testing of the sequence prior to use in patients. Contrast-filled
needle sleeve manipulated by radiologist. Images 1-2 acquired
using FLASH orthogonal to sleeve. POCC identification is
performed in and scan prescription updated (bSSFP) in real-time
(1.5-2.0 s). Only Image 3 is displayed on MRC.

(c)

(b)

(d)

Figure 2. Targeting a pelvic mass
(green arrow) by identifying initialization plane on bSSFP from which 2
FLASH
tracking
planes
are
calculated (a), real-time trajectory
display atop bSSFP (b) and (c) and
verification using 5-plane bSSFP (d).

Figure 3. Investigating potential trajectories for a superficial extremity
mass. Crosses (red) show location of
tracking planes and dotted line
(green) shows POCC calculated
trajectory.
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Conclusion
We investigated the feasibility of using a passive tracking marker and POCC
algorithm for real-time coordination between the scan prescription and needle trajectory for
guidance of percutaneous interventions. The passive needle sleeve was easily integrated into
the interventional MRI environment and manipulated by the radiologist for targeting lesions.
Predicted trajectories agreed well with observed trajectories, but accuracy was a strong
function of tracking plane separation (Table 1). Potential advantages of passive marker
tracking over alternatives using gradients are that it doesn’t rely on special triggering, have
problems with low gradient amplitudes near isocenter, or eddy current inducing objects such
as surgical arms or robots. Future work is needed to overcome the periodic tracking loss and
to design sleeves which are more amenable to accessing deeper targets.
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Objective
The treatment of cardiac arrhythmias by RF-ablation has grown rapidly in recent
years. MR-guidance allows the planning and assessment of the RF-ablation lesions by MRI
during the intervention [1]. In this work we propose a new strategy to assess the atrial wall
during an MR-guided EP intervention at the position of the catheter in real-time. This
provides information for more accurate RF-ablation power settings which may result in better
transmural lesions while reducing the risk of perforation in areas of thin atrial wall. The
position of the tracking coil of an MR-EP catheter was used together with the normal
direction of the atrial surface to define an optimal scan geometry. Afterwards, real-time MRI
was performed by obtaining a 2D image with restricted FOV and high spatial resolution along
the wall thickness. The feasibility of this technique was tested during a pre-clinical
experiment in a pig.
Materials and Methods
Applying MR to guide EP interventions has been reported to offer advantages
including 3D visualization of both cardiac soft tissue and treatment effect. However, the
thickness of the left atrial myocardial is in the order of 1-6mm and highly variable. Current
MR imaging techniques use anisotropic resolution, i.e a higher in-plane resolution around
1mm but relatively large voxel size along the slice direction (3-6mm). Since the atrium has a
complex curved geometry the use of such an imaging slab cannot resolve the atrial wall
thickness and the spatial extent of RF-ablations lesions perpendicularly through the atrial wall
(transmurality) which is clinically essential (Figure 1a). Isotropic high-resolution 3D spiral
MRI was proposed recently to address this problem [2], but it is difficult to image the
complete atrium in reasonable scan-time.

Figure 1. Schematic illustration of intersection of the atrium (red) with scanning slices (light blue). a)
Conventional stack of 2D slices. Green arrows mark slices with strong partial volume effect. b) Distributed
2D slices planned perpendicular to the atrial wall.

The approach pursued here is to assess the wall thickness only in the areas where the
RF ablation is performed and not to cover the complete atrium. This requires the planning of
several localized scans (beams), which are ideally oriented perpendicular to the atrial wall, so
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that the read-out direction can resolve the wall thickness and no partial volume effects can
occur (Figure 1b).
The MR-EP Navigator recently developed [1] was extended by a new planning
functionality to achieve small volume information.
Prior to the intervention, a 3D b-FFE whole heart scan is performed, which serves as
the input for an automatic segmentation of the blood filled heart structures. The segmented 3D
surface provides information about the surface normals for all positions of the atrial wall.
There are two modes of geometry planning available: A manual mode and a tracking catheter
tip guided mode.
The manual mode allows the user to specify a location on the surface by a mouse
click. This point is the center of the slice to be imaged, while the normal on the surface at that
position is the read out direction. Since in the surface rendered presentation some structures
are hidden behind others (for example the left atrium is always behind the descending aorta),
the possibility to click in the 2D reformats at an arbitrary position is also available. In this
case, the algorithm determines the next intersection with the surface either in the top down or
left right direction. Ideally, the imaging slice always intersects the atrial wall perpendicularly.
In order to minimize partial volume effects along the larger slice direction, the direction of the
smallest gradient of the curved surface is determined for the slice selection direction.
Alternatively, the direction can be specified by the user. Several scan geometries can also be
chosen. This mode can be used to gather thickness information at several positions prior to the
ablation procedure.

Figure 2. MR-EP Navigator screen-shot, showing the new planning functionality. The long tubes depict the
normals on the surface of the atrium, defining the readout direction of several scanning slices. The small
tubes define the corresponding phase encoding direction.

The second, catheter tip mode is similar, but the first point on the surface is derived
from the actual position of the tracking coil of a catheter. The subsequent steps are performed
as for the manual mode. This mode can be used directly at the position to be ablated to
confirm the wall thickness and provide a baseline for lesion imaging. During ablation, it can
be performed in an interleaved manner to monitor tissue changes.
Once planning is completed (Figure 2), the geometries are transferred to the scanner
console, loaded in a predefined protocol, and the scan is executed. A black blood, fat
suppressed turbo spin echo sequence with a restricted field of view (FOV) as described in [4]
can be used for atrial wall imaging with a high in-plane resolution. When reducing the FOV in
the phase encoding direction, such a scan can be performed as a single shot acquisition during
one RR interval. This is an advantage in patients with an arrhythmic heart rate due to atrial
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fibrillation (AF) or flutter (AFL). The images are reconstructed immediately and can be
shown as an overlay on the rendered surface.
All scans, including the whole heart scan, must be performed in the same respiration
motion state and during the same time period of the cardiac cycle to archive good alignment
between the planning positions and the images. The 3D b-FFE whole heart data is acquired
with motion navigator gating. The automatic determined navigator positions are stored and
used for all consecutive gated or tracked scans.
Results
The extended MR-EP Navigator was successfully used during a pre-clinical
experiment in a pig on a 1.5T clinical scanner (Achieva, Philips Healthcare, Best,
Netherlands) using a 5-element cardiac coil. Different positions of the catheter tip during EP
signal recording were used to define multiple small 2D slices. The set of geometries was
transferred to the scanner console and the respective batch of scans acquired with a blackblood, fat suppressed turbo spin echo zoom sequence. The imaging parameters were as
follows: FOV=300×30×3mm³, measured resolution = 0.6×2.3×3mm³, one 2D slice, single
shot mode (83ms AQ window), TEeff = 6.4ms. A selected slice is shown in Figure 3. The
image shows good alignment with the 3D whole heart image data that provided the input of
the surface segmentation. A clear depiction of the thin atrial wall with sub millimeter spatial
resolution was achieved in short scan time. The complete procedure of planning and scanning
could be executed in less than 2 minutes with minimal user interaction. Despite the short
acquisition window, the SNR is sufficient to measure the wall thickness.

Figure 3. One of a batch of local atrial wall images in a pig acquired in a single shot during one RR cycle.
The orientation had been planned in the MR-EP navigator based on an atrial wall model such that the readout is perpendicular to the wall. As a result, the wall is depicted with high resolution and the thickness can be
determined without problems due to partial volume.

Conclusion
The proposed new planning approach allows high-resolution MR-scanning of the atrial
wall and can be performed in real time during an EP procedure. It can provide important
information on the atrial wall thickness at the position where the ablation will take place.
Obviously, the proposed planning concept of using several localized and short scans can be
applied to various types of sequences (T1 weighted, T2 weighted, perhaps temperature
mapping).
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Objective
Aim of the study was to evaluate the possibilities of transferring a kyphoplastic
procedure in an open MRI scanner. Therefore special instruments had to be developed or
modified. The most challenging part was the modification of a PMMA bone cement for MRI
imaging. Conventional image guidance techniques can merely show all vertebral structures
and X-ray-CAT results in high X-ray exposure for patient and surgeon [1,2,3,4]. High
resolution MR images appear to be a favorable alternative. Technological development makes
fast imaging with adequate quality possible and permits intervention with sufficient refresh
rates [5]. Complications such as leakage [6,7], make visible polymethylmethacrylate (PMMA)
cements indispensable for safe kyphoplasty and other osseous defect filling procedures.
Materials and Methods
The feasibility of MRI guided kyphoplasty was evaluated by conducting 10 MRI
guided procedures in an open MRI scanner (1.0 Tesla, Panorama MRI, Philips, the
Netherlands) on a spine phantom. Therefore complete lumbal spines were embedded in a box
filled with agar (Wirogel, Bego, Germany) positioned with the spinous processes 45° to the
static magnetic field. A surface coil (Multipurpose L) was placed dorsally of the spine. For
MR guidance a fast pulse sequence T1W TSE interactive (TR/TE/ : 100/5/110°, slice
thickness 5 mm) with an image repetition rate of one picture per 2.6 seconds was used. The
Panorama® interactive mode provides a tilt-function for changing the slice orientation during
intervention. Special MR compatible vertebro- / kyphoplasty needles (developed by Somatex
Medical Technologies, Germany) were used for transpedicular pucture of the vertebral bodies.
For needle navigation the MR images were displayed on in-room monitors. For control of the
final needle position as well as for post-treatment diagnostics we used a high resolution T1W
TSE (TR/TE/ : 400/10/90°, slice thickness 4 mm) pulse sequence. After successful puncture
of the vertebral body the kyphoplastic procedure was simulated by inserting and inflating a
kyphon balloon (Kyphon, USA) with a gadolinium solution. Then the residual cavity was
filled with the modified PMMA bone cement. We mixed a conventional PMMA-cement,
consisting of 12 g polymethylmethacrylate and 5ml methylmethacrylate (BonOs, aap
Biomaterials, Germany), with 5ml saline solution 0.9 % and gadoterate meglumine (50 µl
Dotarem, Lab. Guerbet, France) as CA. We injected the cement from a 5 milliliter syringe
through MR compatible needles (Somatex Medical Technologies, Germany) transpedicularly.
This application was performed under MR guidance using the interactive fast pulse sequence.
For better CNR a SPIR (spectral inversion recovery) fat suppression was used. The contrastto-noise ratio of bone and cement was measured to evaluate the cement identification.
Results
The transpedicular MRI guided punction of the vertebral bodies was practicable; the
needle and the pedicle could be identified sufficiently. The reconstruction procedure with the
kyphon balloon could be monitored adequate. Injection with the used syringes could be
performed manually, without using an applicator system. In the high resolution T1W TSE
sequence the CNR Cement/Bone was 36 ± 8. In the fast T1W TSE interactive the cement was
hypointense
compared
to
the
surrounding
bone
matrix
the
measured
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CNR Cement/Bone was 42 ± 4. By the additional use of SPIR fat suppression the modified
bone cement demarcates hyperintense with a CNR Cement/Bone up to 85 ± 4. The cement
could be clearly identified in the standard pulse sequence T1W TSE and fast pulse sequence
T1 TSE interactive.

Figure 1 and 2: Kyphoplastic balloon in a vertebral body axial and sagittal plane.

Figure 3. Modified PMMA cement in a
vertebral body T1W TSE with SPIR.

Figure 4. Cement augmented vertebral body in standard T1W
TSE pulse sequence.

Conclusion
Kyphoplasty on a phantom model is achievable under MRI guidance. The puncture of
the vertebral bodies and the reconstructing procedure with the kyphon balloon could be
monitored adequately. The modified PMMA bone cement can be visualized in MRI imaging
and provides a good contrast to the surrounding bone structure. However, shorter repetition
rates with better resolution are needed to provide a sufficient leakage detection. Cements long
term visibility, toxicology and mechanical properties need to be evaluated.
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Objective
To ensure precise and safe MR-guided interventions and to improve the workflow of
these procedures it is essential to enable the interventional radiologist to control MR imaging
himself while performing the intervention at the magnet. For this purpose a control unit is
needed which meets the following demands: There should be neither forces nor torques in the
magnetic field (MR Safety). The functionality of the device itself must not be affected by the
electromagnetic fields generated by the MR system (MR suitability). The device must not
interfere with MR imaging (MR compatibility). For that reason we have modified a standard
foot switch which is normally used in the field of computer technology.
Material and Methods
For the control unit a customary USB foot switch (Herga Electric Ltd., Bury St.
Edmunds, Suffolk, UK) with a 1.5 m data line and power supply via USB was used. The
USB-communication on the long electric cable of the switch caused interfering signals in the
proximity of the MR system. During scanning these interfering signals cause high-frequency
artefacts and impair the signal-to-noise ratio. Furthermore, the high-frequency pulses and
gradient fields of the scanner couple into the electric cable of the foot switch, leading to a
disturbance in the communication between foot switch and host computer. Thus, the existing
cable was exchanged with a fibre optic cable. To translate the electric signals into optic
impulses a transducer was inserted between the switch and the cable. The power supply for
the switch is provided by a Lithium-Ion accumulator. Outside the magnet room a second
transducer was inserted to reconvert the light impulses to electrical signals thus allowing to
connect the fibre optic cable to the standard USB port of the host computer of the scanner.

Figure 1. Modified foot switch with fibre optic cable and electrical-to-optical transducer for host computer
connection
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Results
Since its initial installation the modified foot switch is effectively in use. In
combination with the interactive user interface of the scanner there are control commands
possible to start and finish a measurement as well as to change between two predefined
anatomic levels while scanning continuously. Further application areas of the foot switch can
easily be implemented. The foot switch has no influence on image quality. MR safety is
guaranteed due to nonexistent attractive forces or torques when positioning the foot switch
outside the magnet. During imaging there are no interfering signals that impair or stop the
communication between switch and host computer caused by high-frequency pulse of the MR
scanner.
Conclusion
It could be demonstrated that with just a few small modifications, a commercially
available foot switch can be used as a control unit for a 1.0T high-field MR system. The
interventionalist is able to use the foot switch during the intervention to manipulate some
predefined sequence parameters instead of stopping, changing parameters and start the
sequence again. Furthermore he has both hands free for positioning and navigate the needle in
human body. The communication with the MRI personal in the control room has been
significantly simplified and by this improved workflow intervention time for the patient has
been reduced.
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Objective
Interventional magnetic resonance imaging (MRI) offers potential advantages over
conventional interventional modalities such as X-ray fluoroscopy, ultrasonography, and
computed tomography (CT). In particular, it does not use ionizing radiation, can provide highquality images, and allows acquisition of oblique sections. Current studies have explored
feasibility and advantage of usage of MR-guidance in treatment of osteochondral lesions of
the knee and ankle joint [1, 2]. Generally, this technique is arthroscopic-supported.
Arthroscopy is ideal to give an overview of the surface of the joint cavity. In contrast, MRI is
ideal for visualization of tissue under the surface in a cross sectional manner. The
combination of both could be an advantage in arthroscopic and endoscopic surgery. In order
to increase the availability of MR-guided surgery, an MR compatible endoscopic system was
developed.
Materials and Methods
In cooperation with the company a MR compatible arthroscope was developed for
potential use in MR environment. A commercially available arthrsocope was taken as a model
in which ferromagnetic parts were replaced by non-magnetic ones. The safety and
practicability within the magnet were carefully examined. This endoscopic system has been
examined in 3 cases of arthroscopy-assisted MR-guided meniscus resection in human
cadaveric specimen using a titan punch. For real-time MR-guidance, different interactive
sequences were tested on their abilities (T1W FSE, T2W FSE, PDW FSE, T1W FFE). Real
time MRI and arthroscopic images were displayed simultaneously on two MR-compatible inroom monitors to the surgeons beneath the magnet. All tests and interventions were
performed in a 1.0T open MRI (Panorama, Philips, Eindhoven, The Netherlands).

Figure
1.
MR-compatible
arthroscope; Telescope 30°, 6
mm, with arthroscope sheath.

Figure 2. Diagram shows flow measurements of the MRcompatible (blue) and the commercially available arthrsocope (red).
It is shown that flow values of the MR-compatible arthroscope are
better than of the commercially available arthrsocope.
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Results
The developed MR-compatible arthroscope was suitable for use in the narrow space of
the magnet (Fig 1-4). The safety and practicability within the magnet were found to be very
satisfactory; no problems occurred during practical use. In a strong magnetic field it worked
properly. The camera system caused acceptable electromagnetic noises in MRI, but they were
not considered serious. The interactive PDW FSE sequence was proven to be superior for
arthroscopy-assisted MR-guided surgery. All anatomic structures could be visualized
arthroscopically as well by MR imaging.

Figure 3. Figure shows the decrease of the
signal-to-noise ratio under usage of the
arthroscope and camera system.

Figure 4. Figure shows the
artefacts of the telecope of the
MR-compatible
arthroscope
according to ASTM guidelines

Conclusion
Arthroscopic surgery is feasible under intraoperative MRI image-guidance using a
newly MRI-compatible arthroscope. The combination of surface information provided by the
endoscope and the in depth information from MRI was found to be very useful in increasing
the safety, reliability, and availability of MR-guided intervention therapy, i.e. in cruciate
ligament reconstruction or drilling procedures.
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Objective
The available MR-compatible communication systems, which are typically designed
for diagnostic exams, are mostly based on tubular sound transmission. In other settings,
modern commercially available communication systems with ear protection allow wireless
communication in noisy environments. The application of MR compatible wireless headsets
in interventional radiology precludes tube contact with sterile surfaces and hindrance of the
interventionalist's range of motion.
The communication system introduced here is fitted to the needs of intraoperative MR
imaging and allows wireless communication within the scanner room without influencing
image quality.
Materials and Methods
The communication systems headsets are constructed on the basis of a commercially
available ear protection headset (Bilsom 847”MST) and a wireless headset (Logitech
ClearChat PC Wireless). A computer system is used to mix the different incoming
microphone signals and generate user specific outputs combining all microphone lines except
the output targets line-in. To verify MR-compatibility, the magnetic attraction of the ear
protection with integrated headset was measured with the American Society for Testing and
Materials (ASTM) F2052 protocol [1] in a Philips 1.5 Tesla GryroScan MRI. The influence of
the prototypes on image quality was assessed in a 1.0 Tesla open MRI (Philips Panorama
HFO) that is in use for interventional purposes. Assessment of image quality included the
quantification of the change in the signal-to-noise-ratio (SNR) when using a headset within
the interventional region of interest. Frequently used scanner specific interventional sequences
such as T2FSE (TA 1.5 s, FA 90°, TR 1.5 s, TE 0.9 s), T1GRE (TA 2 s, FA 15°, TR 12 ms,
TE 7 ms), T2GRE (TA 2.5 s, FA 90°, TR 14 ms, TE 7 ms) and bSSFP (TA 0.8 s, FA 35°, TR
4.6 ms, TE 2.3 ms) were evaluated. To assess the passive sound suppression of the MR-noise,
the frequency dependent volume levels each prototype were measured in relation to the
unmodified ear protection set.
Results
The ASTM test to assess magnetic attraction [1] revealed an object deviation of 42° at
2.4 T/m and is therefore below the maximum permitted deviation for MR-compatibility. The
weight of the headset is 352 g. In none of the investigated sequences a reduction of SNR
could be detected, so that we can preclude a negative influence on image quality. The
measurements to assess the quality of speech transmission, showed reduced sound
suppression for frequencies of about 10dB. In higher frequency spectrums (over 2000 Hz) the
sound suppression behavior of the prototypes was approximately that of the unmodified
earprotection headsets
The communication system is based on wireless data transmission technique at a
carrier frequency of about 2,4 GHz (Bluetooth) and are thus far away from the mega-hertz
range of the MRI-relevant frequency spectrum. The minimal distance between the speaker
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arm of the headset and the interventional region of interest has to be at least 15 cm due to the
horizontally extending artifact that is induced by the prototype. This distance poses no
significant restraint to the interventionalists’ range of motion.
Costs for materials including three ear protections, three headsets and the controlling
computer did not exceed $800.

Figure 1. Inside of the prototype
headset, showing the microphone
(up left) the battery and a circuit
board (inside the muffle).

Figure 2. MR image (TSE sequence with TE 20 ms, TR 500 ms,
FA 90°) of the ear protection with integrated and activated headset.

Conclusion
We conclude that the herein presented wireless communication headset is a practicable
and flexible low-cost alternative to existing MR-compatible communication systems. It is also
a MR-compatible wireless solution, which is not available at the current market.
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Objective
To ensure valid treatment outcome of minimally invasive therapy procedure, accurate
lesion targeting and precise treatment online assessment are necessary. MRI has a great
potential to accomplish these requirements with improvement on MR images distortion
caused by gradient nonlinearity and imperfection in the B0 field, long operation time and
complicated manipulation. In this study, an affordable MRI-guided minimally invasive
therapy system was developed based on an open permanent MRI system and an optical
tracking technique. Methods were developed to improve surgical tool targeting accuracy,
shorten operation time and facilitate real-time interactive control. All the devices are made
MRI-compatible for real-time intervention and procedure monitoring in the surgical room.
Phantom and clinical studies were successfully performed with this system.
Materials and Methods
The major components of the developed MRI-guided therapy system (Figure 1)
include an open 0.3T permanent MRI scanner (Centauri, XinAoMDT, Hebei, China), a
customer-built MRI-compatible optical navigation system, a customer-built MRI-compatible
monitor, an MRI-compatible keyboard and mouse, and MRI tracking markers. All equipments
and devices were sited inside an MRI shielding room and were turned on during the MRI
scanning and device tracking procedure. This system supports different minimally invasive
therapy procedures when equipped with MRI-compatible minimally invasive therapy devices
and life supporting equipments. With the attached MRI scanner position marker and an
MRI/Optical dual visualizable phantom, the optical navigation system coordinate can register
with the MRI coordinate. By placing tracking markers on patient or patient table, MRI and
optical system coordinate can follow the patient movement as well. MRI compatibility was
achieved by proper electromagnetic shielding and signal filtering.
For quick lesion localization and accurate surgical tool targeting, following methods
were developed. First, as Figure 2 shows, MRI image spatial localization fidelity was
improved from 5 mm to less than 2 mm with a 30 cm diameter spherical volume by gradient
nonlinearity correction using a post-correction algorithm. Gradient field distortion was
modeled in a spherical coordinate with model coefficients acquired in a retrospective
approach.

Figure 1.
Schematic of the
MRI-guided therapy system.

(a)
(b)
Figure 2.
With post-correction algorithm, the geometric
distortion (a) was significantly reduced in the corrected image (b)
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Second, MRI scans were performed in multiple-phase mode, i.e., images were
continuously acquired and transferred immediately into the shielding room and displayed on
the MRI-compatible monitor. Pulse sequences including SSFP, fast gradient echo, and EPI
sequences were developed for fast data acquisition with a speed of more than 1 frame per
second. Sequence parameters were tailored to show better contrasts among lesion, normal
tissue and vessels.
Third, an interactive MRI scan manipulation method was developed, so that surgical
tool position can be transferred to the scanner for ideal scan plane control. With this approach,
scan plane follows the movement of surgical tools and can be easily aligned with the surgical
tool plane so that the projection of the tool can be conveniently used for locating targets
during planning stage and so that MRI images can show the full path of the surgical tool and
show accurate surgical tool tip position during surgical tool insertion (Figure 3). The system
also supports surgical path planning during procedure by displaying the line between skin
entry point and target. With these features, one quick scan would allow the operator to find
the target and determine the surgical path.

(a)

Figure 3.
This
system allows scan plane
online manipulation (a),
while conventional scan
requires multiple oblique
scans before determining
the ideal scan plane (b).

(b)

Results
With the phantom study, overall needle targeting accuracy was less than 2 mm within
a 30 cm diameter spherical volume. Such accuracy is enough for almost all tumor treatment or
other normal procedures. With IRB approval, more than 60 cases of clinical trials were
performed using this system. Clinical procedures included biopsy, cyst suction, and
cryoablation. For all procedures, biopsy needles or cryo-needles could be accurately
positioned at targets with clinical acceptable accuracy within minutes without any
complication occurred. Procedures were monitored dynamically and treatment outcome was
quickly assessed with continuous MRI scanning and images were updated during treatment.
Figure 4 shows that a lung cancer patient was treated with cryoablation using the MRI-guided
therapy system. Figure 4a showed the surgical planning GUI with the planned trajectory
overlaid on top of the MRI image. Using the planned trajectory, the operator advanced the
cryo-needle to the target monitored by updated MRI images. Once the target was reached and
confirmed, the freezing cycle started. MRI images were then continuously acquired to
monitor the growth of the ice ball and its relationship with the tumor and adjacent vessels and
tissues to prevent from damaging critical organs or tissues.
Conclusion
In summary, three key technologies were developed to provide an MRI-guided
minimally invasive therapy platform. Clinical studies were successfully implemented using
this system. It can provide real-time interactive procedure guidance and continuous MRI
scanning during minimally invasive treatment. This enables accurate and fast lesion targeting
and online treatment outcome assessment. These features make it possible for MRI-guided
minimally invasive therapy to be superior to CT or ultrasound guidance in terms of safety,
comfortness and treatment effectiveness. Using open permanent MRI and optical tracking
technique, the whole system is clinically affordable and practical.
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Objective
The goal of this project is to test if closed, high-field MRI scanners are available for
guiding needle placement with 2D Image Overlay technique. The concept for image overlay
guidance technique is successfully proven in our previous work [1]. In this pilot study, we
evaluated the accuracy and clinical feasibility of our new system of MRI overlay in a clinical
setup on human subjects.
Materials and Methods
We developed an augmented reality system to assist MRI guided percutaneous
interventions. This system consists of an MR compatible frame, a flat-panel display aligned
with a semitransparent mirror along their edges, which are assembled in a known parallel
distance from the MRI scanner and an outside room laptop computer with an specific
developed software based on 3D-Slicer. The overlay system is capable to match and display
the desired scanned plane for the procedure, by being able to translate the encoded magnet
table position inside the MRI bore to the corresponded position under the mounted frame
outside the scanner. After a system calibration, the operator is able to see the desired 2D
virtual axial MRI plane projected at the corrected patient’s location through the mirror. Prior
to needle insertion, the image is transferred directly in DICOM format from the MR scanner
computer to the planning and control software running on a stand-alone laptop where the
target and skin entry points are selected and a visual guide showing the trajectory of the
insertion is drawn on the overlay system screen along with information about the the depth of
insertion. The operator then proceed to insert the needle following the visual guide.
To accomplish our study, we acquired images from a 1.5T MRI (Magnetom Espree,
Siemens Medical Systems, and Erlangen, Germany) scanner. A series of experiments was
performed on the cervical spine phantom with 4 targets, employing one insertion per target.
To overcome the damaging interaction of the scanner magnetic field on the monitor, we used
an off-the-shelf 19" LCD display, retrofitted to be MRI safe and RF shielded. In our early
experiments, standard LCD monitors failed to function if placed closer than 140 cm to the
magnet bore. Because of this limitation, and the fixed length of the scanner table, we had just
around 10 cm common range on the table and the image overlay laser plane, meaning that we
could use just limited length of the phantom/cadaver for experiments. In some clinical
situations, this prevents the execution of the needle placement. In order to eliminate this
problem, we designed and built the second image overlay prototype using a full 18" MRI
compatible monitor from Siemens Research Inc. (Figure 1). We haven't found MRI
compatible monitors on the market, but they can be modified by some companies. With a very
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high quality RF shield this device is heavier than the later one. Comparatively with the
benefits of this device, the extra weight was a minor problem, easy to manage with the
existing fiber glass frame.
Software prototype, as an open-source module for the Slicer framework, has been
developed to execute the high level workflow [2]. Insertions were successfully carried out as
shown in Figure 2, as confirmed by post-insertion MR and DynaCT scans.
In our evaluation experiments with the new system, we used phantom with fixed
cadaver parts embedded in soft gel.

Figure 1. Current Image Overlay System with the new monitor: Experimental setup for MRI compatibility in
1.5T scanner.

Figure 2. Needle insertion with image and needle guidance overlaid on the cervical spine phantom (left),
needles were sucessfully inserted onto the cadaver phantom (right)
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Results
All four needle insertions were carried out successfully. Target errors ranged from 1.4
to 2.2 mm, as shown in Table 1.
Table 1 Needle insertions results
Insertions
Error (mm)
Insertion #1
2.2
Insertion #2
2.1
Insertion #3
2.1
Insertion #4
1.4
The results shown above are performed by two physicians. (Followed by insertion 1-2 and insertion 3-4)

Conclusion
During the experiments for the procedural workflow we found these phantoms very
useful in determining the anatomical position, which is a very important feedback. The
experiment was successfully carried out and the results are clinically acceptable as shown in
Table 1.
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Objective
MR-visible markers can be used to localize interventional tools or devices inside the
magnet. If non-active markers are used, a substantial amount of time is needed for the
acquisition of the marker images alone. In this work, inductively coupled radiofrequency
(ICRF) miniature coils were imaged at low spatial resolution to reduce the acquisition time
and an existing software tool [1] was used to localize the markers in 3D. The goal was to test
the performance of such an approach in a needle tracking experiment involving a robotic
manipulator inside the magnet and evaluate the feasibility for device tracking.
Materials and Methods
Three ICRF coils tuned to the resonance frequency ( 63.8 MHz) of a standard 1.5T
MRI (Siemens Symphony, Erlangen, Germany) served as MR visible markers (coupling to
the integrated body coil) [2]. A custom-made board with three of these markers and a port for
the instrument (here a 16G coaxial needle from Invivo Germany, Schwerin, Fig. 1) was
attached to the application module of a robotic manipulator (Innomotion, Innomedic,
Philippsburg-Rheinsheim, Germany) [3]. Vendor-provided software was used to reproducibly
move the robotic arm between start and final positions with the needle immersed in a water
phantom (Fig. 2). During this movement, the board markers were continuously scanned with a
fast balanced SSFP marker sequence (TR/TE=2.1/0.9 ms, FA=0.3°, matrix MX=64×64,
FOV=300×300 mm2, slice thickness ST=300 mm, partial Fourier factor PF=6/8, receiver
bandwidth RBW=1395 Hz/pixel). Automatic 3D localization from three standard projections
(sagittal, coronal, and transverse) was based on an algorithm described elsewhere [1]. The
measured marker positions were used to calculate the geometries of the scan planes that
contain the needle axis at each localization time point. A b-SSFP sequence with a "normal"
flip angle (FA = 70°, TR/TE = 4.3/2.14 ms, FOV = 150×150 mm2, ST = 3 mm,
MX = 128×128, PF = 4/8, RBW = 1085 Hz/pixel) was then used to capture needle and

Figure 1. (a) MR-visible (ICRF) marker on a
glass tube. (b) Marker board with the model
instrument.
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Figure 2. Head-on (a) and lateral (b) view of the robotic arm with the attached needle during "target
approach". The water phantom has been removed to clearly depict the entire needle length.

surrounding "anatomy" during the repeated robotic motion of the needle along the same
trajectory. These images were acquired at every fourth localization time point (n=20) because
the standard sequence took an extra 900 ms for preparation and local shimming (actual
imaging time was 300 ms only).
Results
Figure 3 shows a selection of the resulting images during a 24 s robotic needle motion.
Localization images were acquired every 300 ms. Three-dimensional marker detection was
successful in 75 of 80 cases ( 94%). Accurate automatic definition of the scan plane
geometry is demonstrated by the clear depiction of the needle artifact on all (20/20)
"anatomical" control images.

Figure 3.
Left image: Coronal roadmap image with overlaid needle trajectory (dashed line) realized by
robotic manipulator. Right image: The needle artifact is clearly depicted in the "anatomical" control images
(detail) acquired with a slice thickness of 3.0 mm. Numbers correspond to device positions on the left image.
Top rows: Marker positions (colored circles) are automatically overlaid onto each 2D view of the marker
images.

Conclusion
These results demonstrate that image-based, near real-time tracking of interventional
devices is possible and does not necessarily require highly resolved marker images. Using
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pixel sizes of 4.7 mm and reduced k-space sampling, a rate of 3 position updates per
second could be achieved. Faster position updates may be obtained by applying other
acceleration techniques such as parallel imaging. For an inline device tracking, the suggested
marker localization (marker imaging and analysis) needs to be integrated into a custom-made
pulse sequence and interleaved with the anatomical imaging part. In conclusion, the presented
approach is considered a flexible alternative for the localization of MR markers with potential
applications in marker and device tracking.
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Objective
An endoscope is an invaluable instrument for visually examining inside bodies while
minimizing the necessity of invasive surgery. However, while the endoscope can show the
images of surfaces of organs or tissues, it does not allow the examination of internal tissue
information. The information under the tissue surface is very important for precise diagnosis
and pre-operative planning. MRI has some advantages of high soft-tissue contrast, arbitrary
slice orientation, no ionizing radiation and so on, compared with endoscopic ultrasound
(EUS) and X-ray CT. Therefore, we offered an integrated MR-endoscope system to perform
MR imaging during endoscopy and combine the images obtained by both of the modalities.
An intraluminal RF coil for imaging esophagus was developed and a feasibility of esophageal
imaging by that coil was examined with an animal experiment in vivo.
Materials and Methods
The receive-only RF coil to insert into esophagus and to obtain MR images of its wall
was designed as a four-loop saddle structure in a vinyl tube about 14 mm in inner diameter
and 17 mm in outer diameter, as shown in Figure 1. The coil element consisted of a copper
line 0.2 mm in width and 0.035 mm in thickness, and the element was insulated by the
polyimide sheets 0.025 mm in thickness. The resonant frequency and impedance of the coil
should be adjusted to an MR scanner (Signa EXCITE Twin Speed 1.5T ver.11, GE
Healthcare, USA) using non-magnetic capacitors (700A series, American Technical Ceramics
Corporation, USA) and a PIN diode (UM9995, Microsemi Corporation, USA). The resonant
properties of the coil change easily when the loading circumstances surrounding the coil
change [1, 2, 3], and there is a difficulty to achieve the complete tuning and impedance
matching of the coil when it is inserted into the body. Therefore, the coil was tuned and
matched to the values including prospective shift of the resonant frequency and impedance
when the coil was in the esophagus. Every electrical part on a coil circuit like the capacitors,
the PIN diode, and solder connections was covered with silicon to avoid electrical leakage.
We used swine, weighed 28 to 31 kg, for animal study. During experiments, the swine
were under general anesthesia. Before the coil was inserted into the esophagus, an overtube
(20 mm double type, TOP Corporation, Japan) was intubated and the esophageal surface was
observed by a usual endoscope (GIF-Q260J, Olympus, Japan). The overtube was removed
after the coil insertion because the overtube had magnetic materials, and then the swine was
inserted into the MR scanner.
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The coil location in the esophagus was roughly detected with wide field of view
(FOV) images obtained by a body coil. The MR images along the direction of the esophagus
were obtained by the coil in the esophagus. Using these images, the cross-sectional images of
the esophagus were acquired. The scan sequences were as follows; fast spin echo (FSE) with
TR, 952 ms; TE, 26.1 ms; ET, 10; readout bandwidth, 15.6 kHz; FOV, 6 × 6 cm; slice
thickness, 3 mm; acquisition matrix, 256 × 128; signal acquisition, 5 as T1-weighted image
and TR, 3051 ms; TE, 110.8 ms; ET, 14; signal acquisition, 2 as T2-weighted image, using
cardiac triggering. During scanning, the respiratory was controlled by a ventilator.
Results
When the coil was inserted into the esophagus, the shifts of the resonant frequency,
impedance and quality (Q) factor of the coil were about 0.39 MHz, 19.3 ohm and 27.9,
respectively. The perfect tuning and impedance matching of the coil in the esophagus were
not achieved, however the Q factor in the esophagus was about 49. Figure 2 shows T1- and
T2-weighted images of the esophagus. Heat rate of swine during scanning were 63 beats per
minute (bpm) for T1-weighted imaging and 59 bpm for T2-weighted imaging, and the
scanning time were about 64 seconds for acquiring 5 slices as T1-weighted image and 79
seconds for 10 slices as T2-weighted image. The decoupling during RF excitation could not
be achieved completely, therefore a depressed transmit gain for scanning was used. This was
the reason why the depicted region around the coil was very narrow. In addition, an imperfect
decoupling caused an artifact near the coil elements. The esophageal wall was depicted with
an in-plane resolution of 0.234 mm per pixel. A layer structure in the esophageal wall was
visualized in some regions, however each layer in the esophageal wall could not be identified
in both T1- and T2-weighted images. The outer diameter of the vinyl tube for the coil was 17
mm and this size might be larger for the esophageal tract. Therefore, the esophagus could be
extended extremely, and then a visualization and identification of the layers in the wall would
become difficult. The signal to noise ratios (SNRs) of the esophageal wall and its surrounding
tissue indicated as A and B, shown in Figure.2, were about 64.9, 43.6 and 46.2 in T1weighted image, and about 35.9, 108.5 and 32.4 in T2-weighted image. The contrast to noise
ratios (CNRs) between the esophageal wall and its surrounding tissue A, B were about 21.3
and 32.6 in T1-weighted image, and 72.6 and 19.6 in T2-weighted image.

Figure 1.

The structure of the intraluminal RF coil
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Figure 2.
Cross-sectional MR images of esophageal wall by intraluminal RF coil, a: T1-weighted
image. b: T2-weighted image; * shows the RF coil, arrow-head indicates the esophagus, and A and B show
the tissue near the esophagus. C shows the artifacts due to incomplete decoupling of the RF coil.

Conclusion
The possibility of imaging the esophagus using the intraluminal RF coil was
demonstrated by an in vivo experiment. In order to more clearly visualize the esophageal wall
structure, the problems of the incomplete tuning, impedance matching and decoupling of the
coil in the body should be improved by developing an auto tuning and matching technique for
the intraluminal RF coil. In addition, the improvement on the size of the coil diameter is
necessary. The ability of visualizing the anatomical structure in esophagus with high
resolution would help a precise diagnosis and surgeries by endoscope. Furthermore, the
development of a function for superimposing MR images on a scope view with navigating the
location and orientation of the scope in the body has been ongoing. The MR-endoscope
system integrating these functions would be valuable.
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Objective
Open architecture MR scanners are entering the clinical site as an intra-operative
imaging modality for minimally invasive interventions. One of the major issue is the
availability of appropriate surgical tools to use on a large scale patient treatment. Needles and
catheters have to be MR-safe and MR-compatible but also still visible within the MR image.
This paper shows a fabrication process of resonant markers using aerosol deposition that
enables an integration on surgical instruments directly. Prototypes of such fabricated iMRI
marker are built on 6-F polymer catheters. They are scanned by an open architecture 1.0T-MR
scanner proving the functionality of the fabricated instrument.
Materials and Methods
The materials used for the fabrication of the markers and the surgical tool itself have
to be MR-safe and MR-compatible, also referred to as first and second kind of magnetic field
compatibility [1]. The first prototypes of the resonant marker are fabricated on a MR-safe and
MR-compatible, and thus ‘non-visible’, 6-F polymer brachytheraphy catheter. The resonant
marker to be integrated is an electrical resonant circuit tuned to the MR (Larmor) frequency
[2]. It consists of a capacitor and an inductor. The required inductor is directly produced on
the surface of the 6-F polymer catheter using aerosol deposition. Aerosol deposition was
developed for different application, i.e. solar cell production [3] or for the integration of
passive elements on integrated wiring boards [4]. It gives the opportunity to arbitrarily
produce structures on 3-dimensional carriers. The line width for the ‘printed’ inductor can be
down to 60µm. A catalytic nano-ink is applied as a starting layer, firstly, as shown in Figure
1. It determines the geometry of the required inductor. A computer controlled turning fixture,
where the winding count and the lead can be controlled independently, is used to set up the
polymer catheter. Thus, the inductors geometry can be varied during the fabrication process in
order to match an off-the-shelf capacitor and hit the desired MR frequency. A conductive
copper layer is added by electroless plating as the following fabrication step. To ensure better
conductivity and biocompatibility of the inductor’s windings, a gold layer is deposited as
shown in Figure 2.

Figure 1. Starting layer of catalytic nano-ink on a
polymer catheter produced using aerosol deposition.

Figure 2. Gold plated copper inductor for resonant
iMRI marker
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An MR-compatible 100pF-capacitor is required to complete the resonant marker. The
first prototypes use an off-the-shelf capacitor having dimensions of 1x0.5x0.5mm that fits
inside the catheter lumen. The capacitor terminations needs to be MR-compatible. Several
commercially available capacitors using different termination technologies, as tin plated with
nickel barrier, silver palladium and non-magnetic medical grade polymer, are tested.
The completed marker is tested using a vector network analyzer. A coil is loosely
coupled to the resonant marker and its reflection characteristic is measured.
Results
The starting layer is produced successfully using aerosol deposition of catalytic nanoink. The polymer catalytic ink shows excellent adhesion on the polymer catheter surface. The
plated metal layers show good adhesion as well and a tape test is passed. A series of inductors
with varying geometries could be integrated on a 6-F brachytheraphy catheter, as shown in
Figure 2. The prototypes are completed using a 100pF off-the-shelf capacitor. The resonance
frequency of the assembled marker matches the required Larmor frequency as verified by
vector network analyzer measurements shown in Figure 3. The iMRI marker were tested in
vitro inside an interventional 1.0T scanner. Figure 4 shows the corresponding MR image.
Susceptibility artifacts cannot be seen as only MR-compatible materials are used. The
resonant marker generates a clear signal enhancement in the MR image.

Figure 3. Vector network analyzer measurement of the
resonant maker showing the desired Larmor frequency
of an 1.0T MR scanner.

Figure 4. MR image of different pieces of
brachytheraphy catheters. The resonant marker
integrated at the tip of the lower one can be clearly
seen as a bright spot within the MR image.

Conclusion
An iMRI resonance marker has been integrated within an MR-compatible polymer
catheter. The resonant circuit was pre-tuned to the MR Larmor frequency by varying the
inductor geometry in the fabrication process. Hence, the outcome is a self-sufficient device
without any unhandy and expensive connection to the outer world. The iMRI marker
displayed a clear signal enhancement in the MR image. A susceptibility artifact was not
observed.
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Objective
The integrated magnetic resonance endoscope system can supply high quality MR
images of digestive tract including the tumor infiltration for minimal invasive diagnostic in
addition to endoscope views. The cross sectional MR images of the tract wall are taken by a
surface coil for endoluminal MRI. It is necessary to track the endoscope tip and the surface
coil in the MR system with high precision, to show the MR images in accordance with the
perspective of the endoscope view and to switch or fuse the multi modality images in timely
manner in order to raise the system performance up to the practical level. In this study, we
developed an imaging software that can visualize where the endoscope is in MR system with
three dimensional MR volume. And we tested the software with the tracking system based on
induced electromotive force conducted by gradient magnetic field of MRI.
Materials and Methods
We used the MR compatible endoscope (XGIF-MR30C, Olympus) and the MR
tracking system (EndoScout Tracking System, Robin Medical). The tracking system was
composed of the sensor and the computer. Three coils that made the vertical planes each other
were built in the sensor. When the sensor put in the time-varying gradient magnetic field,
induced electromotive force conducted into the coils. This electricity could be considered to
be a change of the flux of magnetic induction from Faraday’s electromagnetic induction law.
The present coordinate of the sensor was presumed by comparing the magnetic bunch change
with the magnetic field distribution in the MR system. In addition, the posture of the sensor
was presumed from difference of induced electromotive force of each three coils. Next time,
the system computer processed the information that the coils detected and output the
coordinates of the top of sensor (X, Y, Z), the normal unit vector of the top plane (NVX,
NVY, NVZ) and the transverse unit vector of the top plane (TVX, TVY, TVZ) as the three
dimension elements per 62 milliseconds. It was unconfirmed in the prototype sensor that we
used this test though accuracy was confirmed in other final product (error of coordinate:
between 1.5 and -1.5 millimeter, error of angle: between 1° and -1°). The frame of reference
of the detected data was same as that of the patient position: Head First Prone. L-R direction
was positive x-axis, A-P direction was positive y-axis and I-S direction was positive z-axis in
MRI device.
We developed the imaging software for MR endoscope that could obtaine the
coordinate and orientation data of the endoscope from the tracking system’s computer by
TCP/IP communication and display the three-dimensional model of endoscope and MR
volume in virtual space with the position of the reality, in real time. MR volume data was
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made up MR based on MR imaging parameters that were extracted as the object with the
high-pass filter. The software adopted application program interface (OpenGL, Silicon
Graphics) to visualize three-dimensional images. The coordinate system of MR images
converted into that of the tracking system data, “HFP”. In this report, the coordinate system of
MR images, Head First Supine, was change the sign of X element and the sign of Y element
into inverse. At this point, the offset between the tracking point of the sensor and the lens of
endoscope was modified. Finally, the model of the endoscope and MR images through
threshold process were displayed on virtual space that was seen from the third person’s view
or the view of the virtual endoscope.
In this experiment, the sensor of tracking system was mounted at the top of the
endoscope (Figure1). The offset was -3 mm in normal vector direction and -11.79 mm in
transverse vector direction. The endoscope has being changed angle and distance above the
kiwi fruit that was fixed in MR system while taking endoscope movie and MR images. And
surface coil for endoluminal MRI that four markers (palm oil capsule “Jintan”, Morishita
Jintan Co.Ltd) were pasted on was put on the kiwi (Figure2). This marker was set up to make
the range of endoscope view easy to distinguish on the MR images. The MR images were
obtained in each 26 places and angles of those were oblique coronal as parallel to cut plane of
kiwi. Those images were acquired by a 1.5T-MRI system (Signa Twin Speed, Excite 11, GE
Healthcare UK Ltd) with Spin Echo of following conditions. The MR imaging setting was as
follows.
TR/TE: 300/20.796 ms, Slice Thickness: 2mm, Imaging Frequency: 63.86513 Hz, Field of
View: 100 * 100mm2, Spatial Matrix: 256 * 256, Flip Angle: 90 degrees, Read out Band
Width: 31kHz, Patient Position: Head First Spine.
At last, the movement of the endoscope and MR volume of kiwi was reproduced based on the
tracking data and MR images and we confirmed reproducibility of virtual models.
3mm

Tracking point of
sensor

11.79mm

Kiwi
MR-marker

Lens of endoscope

Figure 1.
The tracking sensor attached on to the
MR-compatible endoscope tip.

Surface coil for
endoluminal MRI
Figure 2.
The endoluminal surface coil with 4 Gd-markers and its
appearance when put on a cut half of a kiwi

Results
Figure 3 shows actual position of endoscope and a kiwi with surface coil. Figure4
shows three dimensional display of the graphically created endoscope model and the volumerendered MR images obtained by our software. Figures 5 an actual endoscopic view of the
object and coil, while Figure 6 is the corresponding display of our software showing the MR
image volume viewed from the endoscope whose Tipp position and orientation are
deteremined by the sensor infomation. Note that the four MR markers are at the same
locations confirming the spatial match of both views.
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MR-marker

Endoscope
with sensor

Model of
endoscope
Kiwi and
surface coil
Figure 3.
Endoscope with sensor acquiring movie and
tracking data while taking MR images

MR-marker

Figure 4.
Three dimensional images of endoscope and
MR volume of kiwi and markers. The gray
cylinder represents the endoscope The light blue
line and the red vector represent normal and
transverse vectors, respectively.
MR-marker

ark

marker

Figure 5.
Kiwi and surface coil with markers from endoscope
view

Figure 6.
MR volume of kiwi and surface coil with
markers from virtual endoscope view

Conclusion
The spatial position and orientation of the endoscope in the three dimensional MR
coordinate system were successfully obtained by the tracking device. Based on the acquired
data of the device, the graphical model of endoscope and MR volume of a biological subject
were visualized in a virtual space. The positions of the four markers as identified in Figures 5
and 6, demonstracted the usefulness and reproducibility of the tracking device and the
imaging software. Quantification of the errors in the coordinate and orientation of the entire
system is greatly required and under our current work. In addition, the freedom in the
direction of the transverse vector should be removed in order to fuse the virtual endoscopic
view of the MR image volume and the actual endoscopic picture in a quisi realtime manner.
This may be achieved by developing an appropriate mounting device for the sensor.
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Objective
The integrated Magnetic Resonance (MR) Endoscope can perform the hybrid imaging
for minimal invasive diagnostic and surgical procedures on digestive organ with high
resolution inner structure visualization [1]. We had devised a prototype image overlay
software to fuse the endoscopic and MR images based on the position and orientation
information of the endoscope tip [2] provided by a gradient field sensor and its relating post
processing. The spatial gap exists between those images because of the errors in gradient field
sensing and processing to give the distortion of the endoscope lens for MR image. In the
image fusion, 1mm or less of the error margin was preferable. In this study, we developed
image-based correction to adjust a spatial position of endoscopic and MR images in the
coordinate of MR scanner for fusion software.
Materials and Methods
The method to search for the endoscope tip has a thing using optical type and magnetic
expression, but cannot use it for flexible endoscope and in the MR scanner. In this system, we
used the tracking sensor based on the native gradient magnetic field of the MR system (The
EndoScout® Tracking System, ROBIN MEDICAL Inc.). This tracking sensor was 3
dimensional magnetic field sensors made by 3 orthogonal pick up coils. If this coil was put in
the MR scanner, the position and orientation can be detected by using the induced
electromotive force generated from the change in the magnetic field gradient. In this time, the
tracking sensor detected three dimension coordinates (X, Y, Z), the normal vector (NVX,
NVY, NVZ), and the tangent vector (TVX, TVY, TVZ) in the point. This tracking sensor was
installed on the MR compatible endoscope (XGIF-MR30C, Olympus Medical Systems
Corp.). First, it is necessary to calculate offset of tracking sensor and endoscope camera. We
adjusted the position and orientation of tracking sensor to endoscope camera with imagebased matching algorithm.
This algorithm detects three characteristics projected onto both images, and matching
to position of sensor and endoscope from the formed triangular shape formed in detected
point. In this study, the marker (Palm oil capsule, Morishita Jintan Co., Ltd.) whom can be
acquired in high luminance on the MR image was used. The box that was able to fix three
marker and endoscope was made. The marker and the endoscope were arranged here like
understanding the position. Three markers were arranged in the plane so as not to become an
isosceles triangle, and the endoscope was fixed about 10cm apart. In this state, MR image,
endoscope movie and position/orientation of sensor were acquired at the same time. The
alignment correction algorithm in this research went in the following order:
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1. The marker three points projected onto the endoscope image were extracted, and the
length and the angle of the line connecting the three markers were acquired.
2. The position of the marker three points was acquired from the MR image.
3. The virtual endoscopy was constructed, and the marker three points were arranged in three
dimensions.
4. The line of sight of the camera was assumed to be a parallel to the line of sight of the
sensor, the position that moved from the position of the sensor in parallel was set to the
position of the camera.
5. The virtual endoscopy was set to the position, and the marker on a virtual space was
projected.
6. The marker three points were extracted from the endoscope movie, and the length and the
angle of the line connecting the three markers were acquired.
7. Acquired information of the angle of the line connecting the three markers were
compared, and processing was repeated while changing the data (X, Y, Z, NVX, NVY,
NVZ, TVX, TVY, TVZ) of the virtual endoscopy until becoming the same or close value.
8. The location information was adjusted to an accurate position of the endoscope camera.
In the use of the position of the endoscope camera obtained from this algorithm, the overlay to
which MR image and endoscope movie do not shift can be done.
It experimented to verify this alignment correction algorithm. Here, the position of the
endoscope camera was arranged on the extension wire of the tangent vector. Figure 1 shows
how the tracking sensors attached to the endoscope. This endoscope and three markers were
installed in the made box, and it fixed in the MR scanner. Figure 2 shows appearance. The
MR image was acquired in 1.5T-MR system (Signa Twin Speed, Excite 11, GE Healthcare
UK Ltd.) with Fast Spin Echo (FSE); TR, 300 ms; TE, 27.648 ms; Flip Angle, 90 degrees;
ET, 4; slice thickness, 10 mm; field of view, 100 * 100mm2; spatial matrix, 512 * 512. In the
same time, endoscope movie and position/orientation information of the tracking sensor were
recorded. In this experiment, the change range of the correction was assumed to be plus or
minus 2mm in position (X, Y, Z) and plus or minus 5 degrees in normal vector (NVX, NVY,
NVZ). The distance between markers was calculated and the spatial gap of before and after
the correction was verified.
EndoScout sensor

Endoscope
Figure 1.
Tracking sensor was
installed on the endoscope tip.

Figure 2.
The endoscope with tracking
sensor was set up in the box, and it fixed to MRI.

Results
This algorithm was processed by 2 patterns. The spatial gap has been improved from
2.53 dots on the average to 0.03 dots on the average in fusion image. So, the spatial gap had
been hardly decreased. Figure 3 shows Fusion images of the test subject before (a) and after
(b) correction. In these images, a red triangle was a connection of the marker in the endoscope
image, and a yellow triangle was a connection of the marker in the MR image.
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Conclusion
When the offset of tracking sensor and endoscope camera was calculated by using this
algorithm, an accurate position and orientation of endoscope camera was able to be presumed.
It was found from the result that the error in the fused image has been decreased from the
distance between markers to 0.03 dots. It is thought that this result was able to secure the
accuracy of 1mm or less by converting it into length. This algorithm can be used to decrease
the error caused when endoscope movie and MR image were fused. When this system is
applied to the gut, there is a problem where the organization moves. This only tracking the
endoscope in the moving state, and it thinks the organization is stopped when a necessary
place is projected, and an accurate fusion is done. In the future, it integrates it with the user
interface software.
(a)

(b)

Figure 3.

Fusion images of the test subject before (a) and after (b) correction
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Objective
X-Ray Fluoroscopy (XF) is one of the most commonly used imaging techniques in
interventional radiology, but it suffers from low soft tissue contrast. X-Ray Fused MRI
(XFM) tries to overcome this using additional information coming from a priori MR imaging.
In XFM, anatomical details or regions of interest labeled on MRI datasets overlaid on top of
live XF images during interventions. Registration between MRI and XF spaces achieved
using markers visible both in MRI and XF. Considering all the requirements of the final
project goal, a comprehensive XFM software for early clinical research, Extensible Imaging
Platform (XIP) is chosen for its development environment. Overview and current status of
this project is given here.
Materials and Methods
In interventional radiology, treatment is routinely done under XF using special
catheters or needles. XF is most commonly used imaging modality during interventions
because of its simplicity and ability to guide the physician during operations. It is a fast
modality to follow the path of intervention and devices used in the intervention can be tracked
during the operation.
On the other hand, one of the most important problems in XF imaging is the lack of
soft tissue contrast (Besides the obvious problem of ionizing radiation). During the
intervention, additional soft tissue information could decrease the risk of mistakes would be
an important guidance to the surgeon. For instance: in endovascular cardiac interventions,
detailed anatomical positions of infarcted segments of the heart could highlight target or weak
zones on the myocardial wall.
Our project’s main goal is to overcome the lack of soft tissue contrast of XF. To
achieve this goal soft tissue information gathered from a priori imaging modality is used. We
prefer Magnetic Resonance Imaging because of its high soft tissue contrast.
In a typical XFM experiment the steps that need to be followed are stated as below:
•
•
•
•
•
•

First the subject is equipped with a belt containing a series of fiducial markers that can
be identified in both modalities.
A marker localization MRI scan is done with optimum imaging parameters set for
marker contrast.
Additional MRI scans are done for detailed soft tissue information in the region of
interest (ROI).
The subject is taken to XF imaging device, and a series of images of the ROI are taken
within a range of primary angle values (e.g. from –30 to +30 degrees)
All the images taken under MRI and XF are transferred to the XFM workstation to
complete the registration between two data sets.
During the intervention, fusion of MRI-derived soft tissue data over XF image is
performed using the transformation parameters calculated in the previous step.

Coordinates of markers are obtained from both data sets (XF and MRI) using standard
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segmentation tools. At the end of this process we end up with two sets of 3D point clouds.
Since both clouds are incomplete sets with occasional errors in them, matching them is not an
easy task.
We implemented an automatic marker-matching algorithm that has been developed
earlier at our lab [1,3]. Once the marker matching is known, calculating the transformation
parameters between these two spaces is straight forward [3].
XIP (eXtensible Imaging Platform) is an open source software platform, which is
developed for prototyping medical software and image processing tools rapidly for clinical
research. XIP is developed by caBIG [4]. XIP package includes reference implementations as
DICOM services, caGRID data and analytic services. XIP development interface is based on
OpenInventor library and includes various additional packages. Beside commonly used ITK
and VTK based image processing tools, XIP can be extended with specific libraries that are
developed by its users [Figure 1]. Since XIP is an open source platform it can be compiled
and used with different operating system architectures. Due to its modular structure any user
can develop and add his specific module to system. Imaging applications that are developed
by researchers can be ported easily to medical environment and this simplifies workflow and
also speeds up data processing and data analyses.

Figure 1.

XIP application structure and output alternatives (Ref 4)

In order to implement XFM project there are some requirements:
• Target platform should be compatible with both of the modalities, MRI and XF.
• In order to achieve real time XF image capture and updated registration when needed,
this environment should be optimized in terms of speed.
• Rapid progress of the project depends on how easy it is to addnew functionalities to an
existing system. Therefore a flexible and helpfull graphical user interface of the
development environment is essential.

XIP is chosen to be suitable platform to meet all of the requirements above. Data exchange
modules are developed by using standard libraries that are included inside XIP. Functions that
are not included in standard libraries could be developed easily as dll’s by our research team.
Segmentation and contour drawing modules are implemented by extending currently available
XIP libraries. In figure 2, modular structure of XFM project is seen.

295

Figure 2.

XFM Project Modular Structure

Results and Conclusion
Specific modules of XFM project are being implemented one-by-one in a new medical
software development environment (XIP). This project is not completed, but performance
tests of the developed modules and initial demonstrations showed that XIP seems very
suitable for this project. Hardware related tests of our project are being done in National Heart
Lung Blood Institute (NHLBI, NIH, Bethesda, USA) and UMRAM (Bilkent University,
Turkey). Since our project is based on a software suite development, fusion process can be
shown best with a live demonstration.
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Objective
Navigation is a fundamental aspect of image-guided surgery and interventional MRI.
Optical tracking is the most common tracking technique used in clinical routine [1, 2]. It is
also well established in intraoperative MR guided brain-surgery [3]. Optical tracking systems
measure the 3D relative position of at least three infrared-reflective markers affixed to a
carrier device. By triangulation the location and orientation of an object is calculated within a
defined coordinate system.
The aim of this study is to accomplish dynamic scan plane adjustment of the MRI [4],
based on the measured translation and rotation given by a optical tracking device. Allowing
the MR image to automatically following a tracked instrument during the intervention.
Materials and Methods
The experimental setup (see Fig. 1 and 2) includes an open high-field MRI (Philips
Panorama HFO 1T), an optical tracking system (NDI Polaris) and a communication server
running on a standard commercially available computer system. The communication server
continuously receives the spatial information of tracked objects (targets) from the optical
tracking system through an RS232 [5] interface. Coordinates of position and rotation are
transformed to MR scanner coordinates and passed on to the MR controller through a
Common Object Request Broker Architecture (CORBA) [6] based software interface. The
MRI receives the given positional information and readjusts the image plane for the next
acquisition according to the currently controlling target. To measure the influence of the
optical tracking system on the MRI we measured the change in image quality (with and
without tracking system) and the artifact size of the target. The image quality was quantified
via the SNR values of a standard calibration phantom. The artifact size was measured

Figure 1. Experimental setup in the open MRI with
surgeons controlling the tracking handle inside the MRI
opening and the optical tracking system (camera) in the
foreground.
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Figure 2. Schema of the experimental setup
with surgeons (a and b) and the
communication server (CS) connected to the
optical tracking system (camera) and the
MR console.

according to the American Society for Testing and Materials (ASTM) standard test F2119 [7].
The attractive forces to the target handle used in all experiments were measured according to
ASTM F2025 protocol [8] in a Philips 1.5 Tesla Gyroscan MRI.
Results
Controlling the MR image plane by the movement of the current target object was
implemented. The MRI reliably adopted positional and rotational changes of the target within
the accordingly next image acquisition for one image per three seconds. We found no
significant loss of SNR with the use of the optical tracking system inside the MR
environment. The maximum artifact size of the target handle (see Fig. 4) was 111 mm and
only showed minimal difference compared to the real size of 87 mm. The ASTM test to assess
magnetic attraction revealed an object deviation of less than 1° at 2.4 T/m at 35 g and is
therefore below the maximum permitted deviation for MR-compatibility [8].
Conclusion
We hereby conclude using optical tracking for the dynamic control of the image plane
of MR guided interventions is safe and feasible. The limitations of using optical tracking in
the spatially limited MR-environment (see Fig. 1) are due to the necessity of line of sight.
Increasing the distance of the cameras and the tracking handle results in a decrease of the
tracking accuracy. Since the slice thickness in MRI is typically 5-10 mm, the decreased
accuracy is still sufficient for navigation in MR-guided interventions.
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pain therapy
D. H. W. Grönemeyer 1, J. Becker 1, S. Mateiescu 1, M. Deli 2, M. Busch 1
Groenemeyer Institute for Microtherapy (GIMT), Bochum, Germany
2
amedo Smart Tracking Solutions, Bochum, Germany
1

Objective
In MR-guided pain treatments small amounts of GD-DTPA based contrast agents are
injected to predict the distribution of a consecutive drug delivery. Unfortunately none of the
available MRI contrast agents is licensed for interstitial or epidural applications, and the
combination with other drugs or thermal therapies is not covered by the authorization. Thus,
the assessment of the associated risk is at the discretion of the physician. In addition the use of
contrast agents may cause side effects and it increases the already high price of MR guided
percutaneous interventions. For this reasons we evaluated the potential of conventional
physiological saline as a contrast agent for spinal drug deliveries. This study was focused on
epidural pain therapy. At 1.5 Tesla MRI sequences were optimized for the documentation of
the distribution of Gd-DTPA solution and of conventional physiological saline solution.
Materials and Methods
In the treatment period from November 2004 till May 2010 five physicians performed
114 MR-guided epidural pain therapies (48 males and 66 females; mean age 35.8 ± 18.3). 104
epidural therapies were conducted in an “open bore” 1.5 Tesla MRI (Siemens Magnetom
Espree) and the remaining 10 cases in a conventional 1.5 Tesla scanner (Siemens Magnetom
Symphony). In 79 punctures a 22 G titanium needle (Invivo, Germany), in 16 punctures a 20
G carbon fiber needle (Radimed, Germany) and in 19 punctures a 22G Chiba needle
(Somatex, Germany) was utilized. Planning of epidural treatments was performed in an axial
T2-TSE image. A nitro capsule served as a reference marker. Needle manipulations were
performed outside the magnet. The ideal sequence is fast and it has to show a detailed
anatomy with a distinct visualization of the needle and a clear contrast between contrast agent
and surrounding tissues and liquids. In epidural therapies contrast agent injections are
important for the decision if the needle lumen has entered the epidural space.
In 15 epidural treatments we injected a contrast medium (KM) for the prediction of the
drug distribution. With fast T1-weighted sequences the KM distribution was visualized.
Different Gradient Echo (GE) sequences were tested and optimized for the specific
application.
GD-DTPA in physiological saline (0.0025 mmol/ml) served as contrast agent.
According to experiments of another group [1] and in correspondence with our own
experience this is the most suitable dilution degree for spinal treatments.
99 epidural treatments were transacted with pure physiological saline solution (0.9%)
instead of KM. Physiological saline solution has a bright signal in strongly T2- or T2*weighted sequences and it can be visualized in fat saturated proton density weighted
sequences too. Different types of T2-, T2* and PD-weighted sequences were inspected for
their ability to show a defined contrast from physiological saline solution to body tissues and
liquids. Promising sequences were optimized till a well-balanced compromise between
acquisition time and contrast was achieved.
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Results
All 114 epidural periradicular drug deliveries could be performed successfully without
side effects or complications.
Image quality was comparable in both MRIs. Procedures could be performed faster in
the open bore system because the patient table is traveling a shorter distance with higher
speed.
The titanium needle has an appropriate artifact but it bends easily. Although the
stiffness of the carbon fiber needle is superior to the other utilized MR puncture needles, this
needle proved to be less suitable for epidural therapies due to its tip geometry [2]. The Chiba
needle has an applicative representation, good mechanical capabilities and a suitable tip
geometry.
A T1-FLASH sequence (TR=82ms, TE=4ms, 9 slices, 3mm slice thickness, 210x320,
AV=2, BW=180Hz/Px, TA=36s) proved to be well suited for needle guidance. This sequence
also an excellent suitability for the display of the epidural contrast agent distribution (Fig. 1).
In rare cases an insufficient muscle to needle contrast was observed. In these cases
additional PDwTSE images were acquired. The PDwTSE sequence shows a thin needle
representation and it displays the muscle with a higher signal intensity [3].
Epidural KM distribution

Figure 1.
Epidural
pain
therapy with Gd-DTPA (FLASH)

Nitro capsule

Figure 2.
Pre-injection
HASTE image during epidural
pain therapy with physiological
saline solution.

Epidural distribution of physiological saline

Figure 3.
Post-injection
HASTE image during epidural
pain therapy with physiological
saline.

In epidural treatments it is a challenging task to reach a sufficient contrast between
liquor and KM. With pure saline we achieved an appreciable contrast by an optimized
HASTE sequence (TR=1020ms, TE=113ms, 15 slices, 3mm slice thickness, 320x512, AV=2,
BW=227Hz/PX, Turbofactor=160, TA=36s). In a surrounding of fat and muscle HASTE
brightly depicts physiological saline solution. Because the contrast of pure saline solution to
liquor is not as striking as with KM we increased the safety by acquiring a native HASTE
sequence prior (figure 2) to the injection of physiological saline (figure 3). This pre-injection
HASTE sequence adds another 36 seconds to the treatment time. The comparison of both
images allows an explicit identification of the spread of the saline solution.

Conclusion
Possible side effects, the lack of application specific approval and high costs of GdDTPA based contrast agents were the motivators for the development of a contrast-agent-free
method for spinal interventions. In 99 treatments the feasibility of contrast-agent-free epidural
periradicular therapies could be shown. HASTE imaging before and after application of
physiological saline allows a distinct decision if the lumen of the needle has entered the
epidural space, even without exact needle tip definition. Although this study was focused on
epidural treatments, this technique is applicable for other kinds of percutaneous drug
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deliveries. Nowadays in our practice the majority of MR-guided interventions is performed
contrast-agent-free. Hopefully further investigations of other groups and our own group can
minimize the use of contrast agents not licensed for interstitial or epidural procedures.
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Objective
Conventional metallic coronary artery stents introduce artifacts in magnetic resonance
(MR) angiography images obtained in their vicinity and hence limit the application of these
images to investigate apposition, patency or in-stent re-stenosis. Emerging polymer-based
bio-absorbable stents have many potential advantages over the metallic stents including lower
risk of side-branch occlusion or thrombosis, easier repeat revascularization and a viable
option of later surgery at the site of deployment [1]. In this study, we compare the MR
imaging characteristics of a bio-absorbable everolimus-eluting stent (BVS) with that of
conventional cobalt stent in a phantom experiment.
Materials and Methods
A BVS (Abbot Vascular, Santa Clara, CA)
4
and a Cobalt stent (Medtronic Inc., Minneapolis,
2
MN) were deployed in two separate transparent
Polyolefin heat shrinking tubes (diameter 3.2 mm;
3M Company, St. Paul, MN), which were mounted
3
parallel to each other in a water bath filled with
normal saline. The tubes were then filled with
normal saline containing 0.5% of gadopentetate
5
1
dimeglumine (Magnevist, Bayer Healthcare).
Coronal MR images were acquired on 1.5 T
(Magnetom Espree, Siemens) and 3T (Magnetom
Verio, Siemens) MR scanners using a head coil for
signal acquisition after placing the stents with their
longitudinal axes at angles of 0°, 30°, 60° and 90°
with respect to direction of the static magnetic Figure 1. Pictorial view of different ROIs drawn
field. A 3D fast imaging with steady state on the MR images.
precession (FISP) sequence with different
excitation pulse strengths was used for data acquisition. Imaging parameters of the FISP
sequence used at 1.5 T were: TR/TE/ 5.6 ms/2.78 ms/20° to70°; FOV 200 × 200 mm; slice
thickness 1 mm; MX 256 × 256. The imaging parameters of the FISP sequence used at 3T
were: TR/TE/ 5.4 ms/2.2 ms/20° to 40°; FOV 200 × 200 mm; slice thickness 1 mm; MX
256 × 256. Images were not obtained using excitation angles over 40° at 3T since further
increase in the angle was not possible while keeping other imaging parameters unchanged.
Signal-to-noise (SNR, defined as the mean signal intensity as a function of standard deviation
of the noise) values from four different regions namely the BVS (region 1), the tube
containing the BVS but away from it (region 2), the Cobalt stent (region 3) and the tube
containing the Cobalt stent but away from it (region 4) were calculated from the acquired
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images (Figure 1). The mean signal intensity from each region was calculated by drawing
region-of-interests (ROIs) and standard deviation of the noise was measured by drawing a
ROI in the air away from the water bath (region 5) as shown in Figure 1. The effect of the
excitation pulse strength on the image quality for the two field strengths was studied by
plotting the SNR values from the four regions from images acquired by placing the stents in
parallel to static magnetic fields using FISP sequences with different excitation angles.

Results
A rectangular signal void marks the edges of the cobalt stent, (blue arrows) and
obscures the MR visibility of the walls of the tube around the stent (Figure 2). The signal-void
is larger at 3 T than at 1.5 T for corresponding orientations. The size of the signal void
broadens with increase in the angle between the long axis of the stent and the direction of the
static magnetic field. However, the regions near the BVS show a visible reduction of these
artifacts compared with those from the cobalt stent. Two circular hypo-intense regions in the
right tube (red arrows) that mark the two ends of the BVS are the only visible features. The
edges of the BVS against the wall of the tubes could not be identified in the MR images.
There is no apparent difference in visibility of the walls of the tube in the region where the
BVS is deployed and away from it. This is confirmed in the quantitative SNR plots (Figure 3).
At every excitation angle, the SNR in region 1 (BVS) is lower than the corresponding value
from region 2 and that of region 3 (cobalt) is lower than the corresponding value from region
4. Comparatively, the SNR decrease in region 1 from region 2 is clearly less pronounced than
that in region 3 from region 4.

Figure 2.
MR images acquired using FISP sequence with 30° excitation angle by keeping the
longitudinal axis of the stents at 0°, 30°, 60° and 90° (from left to right) to direction of the static magnetic
field on 1.5 T (upper row) and 3 T (lower row).
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Figure 3.
SNR values from different regions in images acquired using FISP sequence with different
excitation angles on 1.5 T (left) and at 3 T (right).

Discussion
Our results demonstrate that a BVS causes much less artifact in the images obtained in
their vicinity. Nevertheless, the location of the BVS can still be estimated by the two signal
voids (Figure 2). This can allow improved usage of MR images for follow-up analysis of the
vascular lumen of coronary arteries after stent deployment. On the other hand, a conventional
metallic stent introduces signal void in the MR images due to difference in its magnetic
susceptibility from body tissues. These artifacts reduce the clinical utility of cardiac MR
images close to the stent. Attempts have been made to overcome this problem by indirectly
evaluating the in-stent re-stenosis by measuring the blood flow velocity from MR image [2].
Quantification of susceptibility and shielding effects from contrast-enhanced MR angiography
images has also been proposed as a guide while interpreting MR images in the presence of
stent-induced artifacts [3]. We believe our results demonstrate these problems can be resolved
completely by using bio-absorbable stents.
Conclusion
The bio-absorbable everolimus-eluting stent (BVS) does not produce any significant
artifacts on MR imaging and its ends carrying radio-opaque markers could be easily localized.
Another striking feature of BVS is that the imaging results are less affected by changes in axis
orientations. In contrast, the cobalt stent introduces severe artifacts in MR images the size of
which varies with the field strength and the orientation angle between the stent and the static
magnetic field. Thus, BVS offers more accurate follow up MR imaging with respect to
assessment of lumen patency and in-stent re-stenosis.
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Objective
One of the most common substrates of monomorphic VT is the presence of reentry
pathways associated with post-myocardial infarction scars. In electrophysiology studies, scars
are identified in voltage map as low voltage regions with diminished excitability. In MRI
studies, scars may be visualized with the use of delayed enhancement techniques (DE-MRI).
In recent studies, EP information has been compared with pre-acquired MR images to
determine the relation between the two measurements; however, that approach is sensitive to
registration errors and changes in anatomical conditions. Here, we present an MR-compatible
EP system for real-time MR imaging able to directly locate and characterize electrical
properties of arrhythmogenic regions in the left ventricle (LV) identified by MR. Similar
designs have been presented, though with different scopes and features [1,2,3].
Materials and Methods
We performed all experiments on a 1.5T GE Signa system (GE Healthcare,
Milwaukee, WI, USA); images were acquired using 5-inch surface coil. EP measurements
were recorded using CardioLab 7000 Electrophysiology unit (GE Healthcare, Milwaukee,
WI). Two MR-compatible catheters were used: (1) 2-electrode 1-tracking coil catheter
(Imricor Medical Systems, Burnsville, MN) and (2) 2-electrode 5-tracking coils catheter. Xray fluoroscopy using an X-ray C-arm, (OEC 9800, GE Healthcare, Salt Lake City, Utah),
was used only for initial catheter placement; all subsequent manipulations were performed
using active MR-tracking at 10fps [4]. Pacing was performed with a temporary stimulator
(EP-4, St. Jude Medical, Minnetonka, MN) located outside the RF-shielded room. Capturing
(successful contraction of the myocardium in response to stimulation), was validated on both
Cardiolab and the scanner’s ECG monitor. The interconnectivity apparatus for signal
transmission and filtering was built in house. Real-time catheter visualization and left
ventricle chamber 3D rendering were performed using Vurtigo open source software [5]. This
software was designed to support the use of real-time computer imaging for therapeutic
interventions. To date, procedures have been performed on 6 pigs.
Results
Intracardiac electrogram signals were reliably recorded with MR tracking both active
and inactive. Myocardium capture through pacing was also possible while tracking. In the
examples shown below, the pig sinus rhythm was recorded at a 600 ms cycle length or 100
beats-per-minute (BPM). In Fig. 1, pacing at 5mA from catheter #1 and successful
myocardium capturing recorded with catheter #2 at cycle lengths of 550ms (110BPM) and
500ms (120BPM). In Fig. 2, action potential conduction time in healthy myocardium from
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right ventricle to left ventricle (LV) is shown. Fig. 3 and Fig. 4 display tracking catheter tip
shown as a green ball on top of a two-plane rendering of a prior volume, acquired in the same
scan session. Vurtigo visualization software also displays LV chamber surface rendering (Fig.
3). Finally, Fig. 4 shows a different view of the prior volume visualization of the LV overlaid
onto 2-plane view.

Figure 1.
Bipolar recordings are shown for
catheter #1 (pacing catheter), catheter #2 (sensing)
and stimulator (STIM). (A) Intracardiac signals are
shown while pacing with active catheter tracking
off and tracking on.

Figure 2.
Myocardial action potential wave
conduction from catheter #1 in RV to catheter #2 in
LV.

Figure 3. – Catheter tracking in two-plane view of
anatomical MRI volume overlaid with a volume
rendered of LV using Vurtigo. (green dots
represent tracking coils at proximal and distal end)

Figure 4. – Alternative image of two-plane view of
anatomical volume. Multiple slices can be viewed.

Conclusion
In conclusion, we presented an MR-compatible EP system for real-time MR imaging
able to perform localized pacing and mapping to directly locate and characterize potential
arrhythmogenic regions in the left ventricle (LV). Our system showed the ability to track
multiple devices, which is extremely important for replicating the clinical EP procedure.
Additionally, pacing was followed by successful myocardium capturing and was easily
confirmed by the change of heart rate, which indicates sinus rhythm override. Ultimately, the
significant advantage of our system lies in the fact that it allows for multiple devices tracking,
and has the ability to pace and record signals in multiple locations simultaneously. The result
is a powerful and versatile system tool for further studies relating electrical properties to MRIbased scar-region characterization.
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Objective
Catheters, as they are used in many applications of minimal invasive interventions,
have a lack of visibility within MR images which makes them hard to track. Certain methods
have been proposed in the past to cope with this task. These approaches can be divided into
three groups: active [1,2,3], semi-active [4,5] and passive [6]. This work uses the semi-active
approach to visualize the catheter within the MR image. The semi-active tracking approach
uses an inductively coupled radio frequency coil which is connected to a capacitor. This setup
forms a resonant circuit tuned to the frequency band used for imaging. For the high field open
(HFO) MRI scanner used in this work, the main magnetic field of 1 T results in a tuning
frequency band around 42.576 MHz.
The coil of the resonant circuit used for this marker is fabricated using an aerosol
deposition process [7]. The magnetic field distribution within and around the resonant marker
is simulated using a 3D electromagnetic field simulation software. Regarding the safety
aspects of the resonant marker, temperature measurements are performed during the MR
image capturing process. To measure temperature changes in the vicinity of the resonant
marker placed in a swine liver, a fiber optic temperature measurement system is used.
Materials and Methods
Manufacturing process - Using an aerosol deposition process as described in [7], the
inductance of the resonant marker can be directly placed on the surface of a standard MR
compatible catheter. A discrete SMD capacitor is used within the current design stage. The
fabrication process using the aerosol deposition technique allows for a precise tuning of the
coil’s inductance to the desired resonance frequency of the circuit. Hence, no additional
tuning methods are required.
Theoretical aspects - The aim of using inductively coupled resonant circuits is to
locally increase the B1 field to achieve higher signal intensities from the 1H protons in the
vicinity of the marker. This is possible since the local increase of the B1 field leads to higher
local flip angles. The gain of the B1 field within the resonant marker’s coil depends on the
quality factor Q of the resonant marker. However, by locally amplifying the B1 field,
increased SAR values are expected in this region due to the dissipative media surrounding the
resonant marker.
Simulation - The simulation of the magnetic field distribution of the resonant circuit is
performed using Microwave Studio (CST, Germany). For the generation of the rotating B1
field within the simulation volume, two perpendicular coils are used instead of a birdcage coil
to optimize the simulation time.
Image acquisition and thermal measurements - All experimental measurements are
performed in a 1 T HFO MRI scanner (Philips Panorama). The resonant marker is placed on
an MR compatible brachytherapy catheter (Primed Medizintechnik, Germany).
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Fig. 1. Gold plated copper inductor for the
resonant iMRI marker

Fig. 2. Schematic drawings of the two designs used for
temperature measurements.

To investigate the visibility of the resonant marker within the MR image, the catheter
loaded with the marker is placed inside a gel phantom with the T1/T2 properties of muscle
tissue. A T1-FFE sequence is used for the measurements. Different spatial positions regarding
the orientations to the B0 field as well as the influence of different flip angles are investigated.
Thermal measurements were performed in the vicinity of the resonant marker.
Therefore, the catheter carrying the resonant marker is placed inside a swine liver (in vitro).
Two different designs of the resonant marker are realized to distinguish between different
heating effects. Fig. 2(a) shows the Design 1 where the capacitor and the coil are close
together. For Design 2, as shown in Fig. 2(b), the capacitor and the coil’s windings are
spatially separated by a distance of 5 cm. The temperature is measured using the Fotemp4
fiber optic temperature sensor system (Optocon, Germany). For Design 1, temperature is
measured at three positions, for Design 2 it is measured at four positions as shown in Fig. 6.
Results
Simulations - The distribution of the B1 field around the modeled resonant marker
from Fig. 3 is shown in Fig. 4. Besides the increase of the B1 field in the inner of the coil
(Fig. 4, region V), regions of constructive superposition (I and VI) as well as regions of
destructive superposition (II and III) can be observed. Changing the Q factor of the resonant
circuit by adding a series resistance to the circuit leads to different gains of the externally
applied B1 field.
Image acquisition and thermal measurements - Fig. 5 shows the MR image from the
resonant marker placed inside the gel phantom. A T1-FFE sequence with a flip-angle of 60° is
applied. The symmetry axis of the corona around the resonant marker is shifted. The temporal
evolution of the temperature for both designs shown in Fig. 2 is measured at the spots given in
Fig. 6.
Conclusion
Inductively coupled resonant circuits are a simple yet effective method to visualize the
tip or other parts of the catheter within the MR image which allows for a tracking of the
catheter. The applied fabrication process using an aerosol deposition technique offers a
precise integration and tuning of the resonant circuit’s inductance. The simulation results of
the magnetic field distribution correlate with the signal distribution around the resonant
marker within the MR image.

309

Fig. 3. 3D model of the resonant
marker within the simulation
environment

Fig. 4. Distribution of the resulting B1 field around the resonant
marker. Section I and IV: constructive B field superposition;
section II and III: destructive B field superposition; section V: field
within the resonant marker’s coil.

Fig. 5. MR image of the resonant marker and
the catheter inside a gel phantom

Fig. 6. Position for temperature measurements in
Design 2. For Design 1, sensor T4 is not used.
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Objective
Atrial fibrillation (Afib) is the most common heart arrhythmia and a leading cause of
stroke. The treatment option is radio-frequency catheter ablation (RFCA). RFCA is performed
in electrophysiology (EP) labs using C-Arm X-ray systems for navigation and guidance. The
goal is to electrically isolate the pulmonary vein-left atrial junction thereby rendering
myocardial fibers responsible for induction and maintenance of AF inactive [1]. The use of
overlay images for fluoroscopic guidance may improve the quality of the ablation, and it can
reduce procedure time [2,3]. Overlay images, acquired using CT, MRI, or C-arm CT, can add
soft-tissue information otherwise not visible under X-ray. MRI can be used to image a wide
variety of anatomical details without ionizing radiation. In this paper, we show how to register
3-D MRI volumes to 2-D X-ray images based on the coronary sinus.
Materials and Methods
The MR images were obtained on a Siemens Avanto MR system (Siemens, Erlangen,
Germany). For intra-procedural imaging, a biplane C-Arm system (AXIOM Artis dBC,
Siemens, Forchheim, Germany) was used. Such a system consists of two C-Arms that allow
simultaneous fluoroscopic imaging under different viewing directions. In our case, the system
had two small detectors, each with size 20 cm x 20 cm. Images were acquired during the
ablation at 2 p/s, and during contrast agent administration at 7.5 p/s.
A standard software (syngo InSpace EP, Siemens, Forchheim, Germany) was used to segment
the left atrium in the MR images and to generate a 3-D mesh. This mesh (or shell) is then used
as overlay during the ablation procedure. To outline the coronary sinus (CS) in the MRI data
sets, an X-ray navigation prototype (Siemens, Forchheim, Germany) was used. The same

Figure 1. Step 1: We
locate the coronary
sinus in the triangle of
tricuspide
valve,
interatrial septum and
inferior vena cava.

Figure 3. Step 3: We
extract the remaining
parts of the coronary
sinus. The CS is
represented
as
a
curve.

Figure 2. Step 2: The
transition of the CS to
the Great Cardiac Vein
is found caudal to the
left pulmonary veins.
Afterwards, the MPR
slices are adjusted to
show both set points.
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Figure 4. Step 4: The
extracted
CS
is
visualized
in
3-D
together
with
the
segmented left atrium
obtained from the
MRI.

prototype facilitates the overlay of the outlined CS as well as the 3-D mesh of the LA onto
live fluoroscopic images.
Our registration workflow has three main steps. In the first step, the coronary sinus is
extracted from the MRI. The CS is the main venous vessel of the heart, located in the sulcus
between left atrium and left ventricle. On the frontal slices, this sulcus can be located as a hypodense structure at the transition of the left atrium to the left ventricle. On the axial slices the
coronary sinus is located at the lower right atrium in the triangle of tricuspide valve, inter-atrial
septum and inferior vena cava and the transition of the coronary sinus to the great cardiac vein
is located caudal to the left pulmonary veins. The steps to extract the CS are shown in Figures 1
– 4. The coronary sinus was usually extracted in less than five minutes. This step can be
performed during preparation of the patient or as soon as the MR images are available.
The second step of our method is the registration of the coronary sinus together with
the MRI and the extracted mesh to the fluoroscopic images. At the beginning of each ablation
procedure, a catheter is put into the coronary sinus. As soon as this catheter is in place, the
coronary sinus extracted from 3-D is manually registered to the live fluoroscopic images. It is
advantageous to perform registration during a breath-hold maneuver, to obtain stable
conditions. Registration is performed by manually moving the 3-D overlay in both imaging
planes such that the extracted CS overlaps with the catheter in the coronary sinus. If we
restrict registration to translational registration only, then it is usually performed in less than a
minute.
After this registration step, fluoro overlay guidance can already be provided, e .g., to
provide additional help for the transeptal puncture. Afterwards, contrast agent can be directly
administered into the left atrium to perform re-registration. The required 3-D offset for reregistration is measured. Note, however, that this does not provide the accuracy of our
method, as the left atrium might be moved during the puncture. Moreover, it can not be
guaranteed that the patient holds his breath in the exact same position. This is another source
of errors potentially compromising the registration result. To rule out misregistration, contrast
can be injected. The administration of contrast agent is shown in Figures 5 and 6.

Figure 6.
Fluoroscopy 60° left anterior
oblique view, displaying electophysiological
catheters. EP-catheters in the high right atrium (1)
and the coronary sinus (2), transseptal sheath
within the left atrium (3). This image shows the
administration of contrast agent and the manually
extracted CS. The 3-D overlay is not shown as
comparison to Figure 5.

Figure 5.
Fluoroscopy 60° left anterior
oblique view, displaying electophysiological
catheters. EP-catheters in the high right atrium (1)
and the coronary sinus (2), transseptal sheath
within the left atrium (3). Re-registration is
performed when contrast agent is administered
into the left atrium. The image shows the 3-D
overlay and the extracted CS.
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Results
Our proposed method was evaluated during clinical trial on 13 patients. The required
offset for re-registration was measured for all procedures and was below 2 cm in all cases.
The results are presented in Figure 7. On average, a re-registration of 10.6 mm was required,
with a minimum of 2.6 mm for one case, and a maximum of 18.9 mm for another patient.
Re-Registration after Contrast Agent
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Figure 7.
The 3-D offset required for re-registration is calculated using the Euclidean distance.
Registration considered only translation. The average 3-D re-registration required 10.6 mm with a
minimum of 2.6 mm and a maximum of 18.9 mm.

Conclusion
Our technique provides an early registration method at the beginning of an RFCA
procedure for Afib. This can be especially interesting for the transseptal puncture. The use of
MR overlay images reduces significantly the radiation exposure for the patient as compared to
CT imaging or rotational angiography. Keeping a good registration during the procedure can
be facilitated by motion compensation, as shown in [4]. Extending this method might open the
possibility to further reduce the use of contrast agent during the procedure.
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Objective
Stents specifically developed for use in intracranial circulation have been adopted for
almost routine use in endovascular treatment of intracranial atherosclerosis and very frequent
use for the treatment of intracranial aneurysms. The very recent introduction of a new subset
of intracranial stents, namely flow-diverters, potentially will be indispensable in endovascular
treatment of intracranial vascular lesions in near future. These stents/devices differ
significantly in terms of their physical properties from those used in other vascular territories
in the body. Despite the importance and different characteristics of these devices, the
literature data on their MR characteristics is limited to one study on one stent only [1].
Materials and Methods
3 intracranial self-expanding stents (4.5x20 mm Wingspan, 4x28 mm Enterprise,
4.5x20 mm Neuroform) and 2 flow diverters (4-5x40 mm Silk device which foreshortened to
23 mm, 4x18 mm Pipeline device which foreshortened to 12 mm ) were suspended in tap
water within a rectangular plastic container over tightened plastic strings measuring 0.008
inch diameter. The following pulse sequences were utilized to obtain coronal images in a GE
Signa 1.5 T scanner with 256x256 matrix, with a FOV of 18x18 cm using a head coil: 2D
Fiesta (TR/TE=6.5/1.3ms, ET=1, FA=30deg, SL thick = 8mm, RBW=+/-125kHz), 2D SPGR
(TR/TE=60/9ms, ET=1, FA=40deg, RBW=+/-16kHz, SL thick = 8mm), 2D GRE
(TR/TE=50/9ms, ET=1, FA=40deg, RBW=+/-16kHz, SL thick = 8mm),2D SE
(TR/TE=600/20ms, ET=1, RBW=+/-16kHz, SL thick = 8mm), 3D Fiesta (TR/TE=5.3/2.0ms,
ET=1, FA=60deg, RBW=+/-125kHz, SL thick = 1.4mmX28, FOV=180X180mm), as well as
3D TOF (TR/TE=32/2.7ms, ET=1, FA=25deg, RBW=+/-64kHzSL thick = 1.4mm,
FOV=220X220mm). The images were obtained with the stents parallel to B0 or perpendicular
to it before and after changing the direction of the readout gradient. The images were
evaluated for luminal visibility.
Results
The flow diverters differed from the remaining stents with the significant increase in
the susceptibility artifact precluding visibility of the luminal site when they were
perpendicular to B0. For Neuroform stent, luminal visibility, except for the Fiesta sequence
where B0 was perpendicular to the stent, was not significantly degraded by changing the pulse
sequence, readout gradient or stent orientation relative to B0. Both for Enterprise stent and the
Wingspan stents, visibility was acceptable for only 3D TOF and 2D SPGR sequences. 3D
TOF was found to be the best sequence for attaining some visibility for all stents studied.
Conclusion
Our data suggests that MR imaging of intracranial stents can be optimized. This
information will not only enable tailoring of better MRA exams for noninvasive follow-up of
intracranial stent-assisted procedures but will also potentially assist in the MR guided
placement of these devices.
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Figure 1.
2D Fiesta sequence with A) B0 parallel to stents and readout B) B0 parallel to stents but
perpendicular to readout C) B0 perpendicular to stents and readout D) B0 and readout perpendicular to stents
(1: Pipeline device, 2: Silk device, 3: Neuroform, 4: Enterprise, 5: Wingspan)
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Figure 2.
3D TOF sequence with A) B0 parallel to stents and readout B) B0 parallel to stents but
perpendicular to readout C) B0 perpendicular to stents and readout D) B0 and readout perpendicular to stents
(1: Pipeline device, 2: Silk device, 3: Neuroform, 4: Enterprise, 5: Wingspan)
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Introduction
MR imaging is increasingly used for interventional applications. During an
interventional procedure, a radiologist needs to rapidly and repeatedly evaluate the anatomy.
One conventional sequence for performing this is balanced SSFP or TrueFISP because of its
high SNR and contrast. Unfortunately, the hyper-intensity of the blood signal in bSSFP may
obscure some anatomical structures. Dark blood (DB) imaging can be used to suppress the
blood signal. However a DB preparation will typically lead to excessively long acquisition
times and may result in differential k-space signal distributions due to flow. HEFEWEIZEN is
a fast dark blood sequence based on bSSFP that can be used to flexibly highlight or suppress
signal from flowing blood. HEFEWEIZEN is built with an underlying bSSFP framework in
which the spatial encoding gradients in some TR blocks are replaced by spatially selective
saturation pulses to saturate out of plane blood magnetization, while retaining in-slice steady
state, resulting in directional flow suppression. The inclusion of the flow suppression
gradients above and below the slice of interest enables removal of bright blood signal while
retaining bSSFP contrast in non-vascular tissue thereby providing potentially powerful
applications in interventional procedures.
Materials and Methods
The HEFEWEIZEN (Figure 1) and bSSFP sequences were used to image
asymptomatic volunteers in this IRB approved study. An /2 preparation pulse was used to
place the magnetization in steady state. Magnetization was restored at the end of each
segment using another /2 pulse. Experiments were performed on a 1.5T MRI scanner
(Siemens Espree, Erlangen, Germany). For cardiac imaging, we used the 6 element flexible
body matrix and 24 element spine matrix coils (with auto-coil select enabled). In the case of
carotid imaging, the 12 element head and 4 element neck matrix coils were used as well.

Figure 1.

bSSFP based HEFEWEIZEN dark blood pulse sequence.
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The HEFEWEIZEN sequence was segmented and gated for cardiac imaging as given
in [2]. In the case of carotid imaging, imaging parameters were as given in [1]. In all the
aforementioned cases, bright blood flow signal was suppressed above and below the imaging
slice. Flow suppression was turned off and the resultant images yielded pure bSSFP contrast.
The increase in imaging time due to flow suppression was calculated between HEFEWEIZEN
and standard bSSFP sequences with comparable parameters.
Results
Figure 2 shows the bright blood suppression in the carotids in HEFEWEIZEN image.
There is only a 13% increase in imaging time in this case [1] over standard bSSFP or
TrueFISP. Flow suppression values calculated here are 83±2% in the carotid and 79±3% in
the jugular vessels. 12.8±7% suppression is observed in the stationary tissues. Figure 3 is a
single slice short axis cardiac image in a normal volunteer using both the segmented bSSFP
(A) and segmented HEFEWEIZEN (B) sequences acquired in 0.58 and 0.77 seconds per slice
respectively demonstrating the rapid acquisitions possible with the sequence while
maintaining reasonable suppression levels.

Figure 2.
Bright
and
dark blood carotid artery images
of a normal volunteer. left:
bSSFP right: HEFEWEIZEN
sequence images.

Figure 3.
Short
axis
cardiac images from a normal
volunteer. (A) segmented bSSFP
(B) segmented HEFEWEIZEN
sequence images.

Discussion and Conclusion
The HEFEWEIZEN sequence provides high resolution, high SNR dark-blood images
where the bSSFP contrast is maintained in non-vascular tissues. As seen from [1],
HEFEWEIZEN offers a significant advantage over DB TSE in terms of speed while offering
comparable blood-flow signal suppression. During interventional procedures, it may be
advantageous to be able to switch in real time between bright and dark blood imaging modes
for easy anatomical access by a radiologist. Using the HEFEWEIZEN sequence we have
shown that one can perform this switch with only a minor increase in imaging time.
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Objective
The objective of this paper is to report on methods to enable MRI-guided core needle
biopsy of the prostate in a 70cm bore 3-Tesla (T) scanner (Siemens MAGNETOM Verio 3T).
Our contribution includes the development of a needle guidance template and leg holder
developed specifically for trans-perineum core biopsy in the 3T scanner. We also report on a
series of medical image processing, navigation and image-based calibration methods to
register the needle guidance template to the MRI scanner. We performed a pre-clinical
phantom validation study to investigate overall needle placement accuracy. The methods have
been successfully applied to four clinical cases that are also briefly touched upon with
representative images from the cases.

Materials and Methods
3D Slicer - We developed a software module in 3D Slicer that offers all features
newly developed for this study on MR-guided prostate intervention. The functions of this
module are: (1) to fuse pre-operative images and intra-operative images, (2) treatment
planning by placing target points on the fused images; (3) image-based calibration of the
needle guidance template to images; and (4) to monitor needle placement by integrated
visualization of real-time 2D images, pre-operative 3D images, and the current needle
position on the 3D viewer of 3D Slicer. Each of these functions in 3D Slicer will be discussed
in the following subsection as steps in a clinical study.
Pre-operative 3T MRI study - Comprehensive pre-operative 3T MRI (GEHC)
scanning of the prostate were performed before the biopsies. The study included T1-and T2weighted images as well as Dynamic Contrast Enhanced (DCE) imaging and diffusion
imaging. Pharmacokinetic analysis of DCE imaging was performed to convert a signal
intensity time profile into an estimate of a Gadolinium concentration time profile. Using the
variable flip angle method, a pixel-wise pre-contrast T1 map of the region of interest was
estimated. Arterial input functions were individually measured from voxels in the femoral
artery on the slice of interest. Analyses were performed using Cinetool (GE Global Research).
Apparent diffusion coefficient (ADC) maps were generated from diffusion imaging. All
images from the pre-operative 3T imaging and its subsequent post-processing were imported
into 3D Slicer (www.slicer.org) for pre-operative planning as seen in Fig. 1.
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Figure 1.
Left: 3T Pre-procedural T2 image. Middle: pharmacokinetic parameter, k-trans, generated
from 3T DCE MRI overlaid onto the pre-procedural T2 image. Right: ADC map generated from 3T
diffusion weighted MRI (Case #1). All these images show focal targets in the right posterior peripheral zone.

Patient placement - On the day of the biopsy, patients were administered intravenous
sedation in the MRI suite and positioned on the prostate intervention table (designed and
fabricated by the authors) and then placed on the MRI table of a wide bore 3T MRI scanner
(Siemens MAGNETOM Verio 3T). The prostate intervention table consists of a 1) base board
on which patient is located, 2) stationary frame that clears the needle insertion area, 3) the
fiducial block marker, hereafter referred to as the z-frame, 4) manual needle insertion
template similar to one used for ultrasound guided biopsy, and 5) leg support, as shown as
Fig. 2. The initial positioning of the patients was performed in the front of the scanner
followed by the transport of the patient to the bore. The z-frame was sterilized and placed
after draping to secure sterile trans-perineum access. Patients were then transported to the
bore where they stayed throughout the rest of the procedure.

Figure 2: The prostate intervention table with leg holder (arrows) and needle insertion plate (rectangle box),
placed on patient table at the 3T scanner. The photo is taken at the front side of the scanner before the patient
is placed.
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Figure 3.
A screen shot of 3D Slicer in its planning mode.
(case #3). A K-trans map generated from DCE MRI was registered
to intra-operative T2 images and presented in the original Axial
format (top left window) and re-sliced as Sagittal and Coronal
views. The yellows dots on the images indicated targets aimed at
in the prostate biopsy.

Figure 4.
Intra-procedural
GRE indicating the needle artifact.

Calibration of the needle guidance template by Z-frame - To map the needle holes in
the image coordinates, a calibration was performed using the MRI-visible z-frame. The Zframe was made of seven rigid glass tubes with 3 mm inner diameters that are filled with a
contrast agent (MR Spots, Beekley, Bristol, CT). It was placed on three adjacent faces of a 60
mm cube. The details of the calibration using the z-frame are summarized in (2); in short, the
location and orientation of the Z-frame was automatically quantified in MRI by identifying
crossing points in the cross sectional image of the Z-frame. The imaging sequence of the Zframe was a fast spoiled gradient echo recalled (SPGR) sequence. The automatic Z-frame
digitization in MRI was implemented in 3D Slicer as a part of the software plug-in module for
robotic prostate interventions.
Pre-procedural MRI and planning in 3D Slicer - After the patients were positioned,
and the needle guidance template calibrated, intra-operative, along with pre-procedural T2
imaging, were performed and transferred to a workstation running 3D Slicer to localize
suspicious foci as targets. From the localized targets, the 3D Slicer then identified the holes in
the needle guidance template through which the biopsy needle was inserted. 3D Slicer also
calculated the insertion depth of the needles. After the targets were initially localized in preprocedural T2 images, the pre-operative T2-weighted images with a pharmacokinetic
perfusion map and ADC map were registered to the pre-procedural T2 images to further
evaluate the target location (Figure 3). Again, 3D Slicer computed the location of the holes
and needle insertion depths to aim these additional targets.
Needle placement and procedural monitoring - The intra-procedural GRE was
continuously performed to monitor needle insertion. As can be seen in Figure 4, the intraprocedural GRE clearly delineated the needle artifact as well as the prostate and its
surrounding organs. Upon satisfactory placement of the needle tip over the target, tissue
samples were collected and sent for a pathological study.
Phantom Validation Study - A validation was performed to assess the accuracy of the
needle placement in the phantom. The same validation approach presented in (1) was used to
measure the actual needle tip location based on the needle artifacts in the intra-procedural
GRE images. The distance (placement accuracy) to the pre-defined target was measured at all
targets and tabulated. Five mock--up procedures were performed to change the position of the
phantom and the template. In each procedure, 3D images of the phantom and the Z-frame
were acquired using 2D HASTE and 3D VIBE sequences, respectively. After acquiring the
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image of the phantom, 5 target points were randomly selected and registered to the 3D Slicer
module. By applying an automatic Z-frame registration algorithm to the Z-frame image, the
template was localized in the MR scanner coordinate. We inserted the needle to the phantom
through the holes on the template suggested by the Slicer module. A confirmation image was
acquired after each needle insertion to determine the actual needle position in the phantom.
The distance between the needle tips measured in the MRI was compared to the target set by
Slicer using the 2D HASTE images, and these were tabulated as root mean square (RMS)
values.
Clinical feasibility studies - After the institutional review board approval, patients'
informed consent was obtained. Information from the study was handled according to the
privacy provisions of the Health Insurance Portability and Accountability Act of 1996
(HIPAA). Between January and June 2010, four patients were enrolled in a prospective
clinical study.
Results and Conclusions
All transperineal biopsy procedures have been technically feasible to date, successful
and allowed the patient to lie supine, with minimal anesthesia during the biopsy. We have
performed 4 biopsy procedures. Before we began the clinical phase we performed phantom
validation study which showed the RMS error in 25 biopsies was 3.3 mm. The errors in leftright, anterior-posterior and inferior-superior direction were 1.9mm, 2.4mm and 1.4mm in
RMS, respectively. The root mean RMS of the positional error due to the calibration was 3.7
mm for outer area and 1.8 mm for the inner area (representing the volume within the prostate
capsule). From the clinical feasibility study, we found that, using the engineering methods
presented, it is safe and feasible to perform transperineal prostate biopsy in the wide bore 3T
MRI by keeping the patient in the bore using the original needle guidance template and leg
holder. We also confirmed that it is feasible to perform the calibration of the needle guidance
template using the z-frame to perform target planning in 3D Slicer and to perform deformable
registration of the pre-operative comprehensive MR images to intra-procedural images
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Objective
RF heating due to elongated conductive structures during MRI is a known
phenomenon [1], which poses a major safety concern for many MR-guided interventions.
Since wires inside catheters (e.g. for active tip tracking or sensing of physiological voltages)
are electrically connected to further equipment, the safety of such devices also depends on
said connection [2]. It is the purpose of this study, to investigate this influence by measuring
the tip heating of active tracking catheters for several, realistic connection configurations.
These configurations contain extension cables, traps, and the connection to the MR-receiver.
The measurements were performed for catheters equipped with a standard cable as well as a
transformer-cable for suppression of common mode RF currents associated with tip heating
[3].
Materials and Methods
The tip temperature of active tracking catheters was monitored using a fiber-optic
thermometer (Luxtron 790, Santa Clara, CA), the sensors of which were surrounded by a
block of saline-based agarose gel (σ=0.27S/m) to avoid convective heat transfer. The
catheters were placed approximately 20cm off-axis and were inserted over a length of 55cm
into a saline-filled ASTM phantom located in the bore of a 1.5T MR system (Achieva, Philips
Healthcare), cf. Figure 1. MR sequences of 4W/kg SAR were applied for 2 minutes to induce
heating. The temperature increase was measured in different connection configurations, as
sketched in Figure 2, i.e. unconnected, with extra extension cables of two meter total length,
with additional trap circuits, placed at different positions in the cable, and with and without
final connection to the MR-system. These configurations can be considered as typical,
realistic clinical set-ups in view of used cable length and positions of traps. This includes the
disconnected configurations, which represent probable handling errors or failure modes for
safety concepts that rely on certain connections.
magnet
connection cable

tracking catheter

Figure 1.
Photo
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trap

trap

trap
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Figure 2.
Sketch of the measurement setup indicating the
different configurations (cf. Table 1).

Results
The measured temperature increases at the catheter tip for various connection
configurations are listed in table 1. The catheter containing the standard cable shows
considerable heating in any configuration. Although, the heating is initially reduced, when the
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catheter is connected to the extension cable with a common mode trap directly placed at the
catheter (0m), the results indicate, that elongating the “effective” length of the catheter by
placing the trap further away (1m, 2m), gradually increases heating again. Similar effects on
increasing the length of conductive wires have already been described in the literature [4].
The temperature increase of the catheter containing the transformer-cable remained below 1K
in any configuration.
Conclusion
The experiments show, that the way of connecting catheters electrically to further
equipment influences tip heating, but in none of the tested connection configurations
sufficient RF-safety was achieved for the catheter equipped with a standard cable. Also, it
cannot be deduced, that wires become generally safer, if they are elongated or connected to
the MR-system. Thus it is obviously not an appropriate safety mean to elongate the catheter to
avoid RF-heating.
On the contrary, it is preferable to shorten the “effective length” of the catheter as
much as possible, optimally, by integration of elements inside the device that limit the
common mode current. This concept is pursued for the catheter equipped with the
transformer-cable, which did not show significant tip heating for any configuration.
Table 1.

Tip heating of catheters containing a standard cable and a transformer based transmission line
for different connections.

Active Tracking
Catheter
standard cable
standard cable
standard cable
standard cable
standard cable
transformer cable
transformer cable
transformer cable
transformer cable
transformer cable

Connection Cable
Length [m]
0
2
2
2
2
0
2
2
2
2

Trap
Position [m]
0
1
2
2
0
1
2
2

Connected to
MR Receiver
no
yes
yes
yes
no
no
yes
yes
yes
no

Temperature Rise at Tip [K]
23
6.5
14.5
26.6
25.2
0.7
0.8
0.8
0.7
0.8
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Objective
The presence of implanted electronic devices with conducting leads and electrodes are
currently contraindicated for MRI, denying many patients its potential benefits. The prime
concern is MRI’s radio frequency (RF) fields, which can cause elevated local specific
absorption rates (SAR) and potential heat injury. The purpose of the present work is to
develop and compare a range of passive implantable “MRI safe” lead designs with bare
terminal electrodes for use at 1.5T, so that patients might ultimately be afforded the medical
advantages of MRI-guided implant placement and/or so that those with implants may not be
denied medically-indicated diagnostic or interventional MRI procedures.
Here, we compute and compare the local 1-g average SAR–a common regulatory
metric for documenting RF exposure during MRI, and measure local heating in leads attached
to a bare electrode employing: (i) simple insulation; (ii) distributed resistance; (iii) inductive
windings; (iv) high-impedance RF traps; and (v) “billabong” windings with reversed sections
in which the current direction opposes that of the induced RF electric field (E) that gives rise
to it. We identify geometric and design factors and configurations that best minimize relative
heating to help guide the development of prototype implantable leads that offer MRI-safe
performance [1].

Fig. 1. Several
lead
designs
tested.
a: Continuously coiled lead; b,c: RF trap
circuits; and d: billabong design with reversed
sections opposing the induced currents.

Fig. 2. a: Experimental temperature change from thermal
sensors on a 68cm billabong lead (Fig. 1d) with 0.58mm
ID and 29 mm long reversed and forward sections exposed
to 4W/kg in an 18cm diam x 45cm cylindrical phantom at
1.5T. b: Same lead at 3T (red, blue traces=remote
reference probes; green, orange =sensors at electrodes).

Materials and Methods
Conducting leads incorporating different lengths (3-75cm), insulation thicknesses (0105µm), resistances (100-3000 ), coiled conductors (inner diameter ≤1.2mm; Fig. 1a), highimpedance (135-2700 ) RF traps (Fig. 1b,c), and single- and triple-coiled coaxial-wound
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“billabong” leads with reversed coil sections that oppose and reduce the induced current (Fig.
1d), are investigated both experimentally using local temperature measurements (FISO,
Canada, fiber-optic temperature sensors), and by numerical full-wave electromagnetic field
analysis (FEKO, South Africa) of the local SAR, in three different-sized bio-analogous model
saline-gel phantoms at 1.5T MRI and 4W/kg exposure.
Results
The results from approximately 600 leads tested are summarized in Table 1. In all
designs, the maximum computed 1-g average SAR and experimental temperature rise occur at
the bare electrodes. Electrode heating increases with lead insulation thickness, and peaks for
uncoiled leads 25-50cm long. A reasonable match between computed SAR and the point SAR
estimated from thermal sensors, obtains by approximating the computation volume to that of
the thermal probes. Factors that maximize the impedance of leads with resistive, coiled, RF
trap and billabong elements can effectively limit heating below 1-2°C, but folded lead
configurations can be a concern. The RF trap and billabong designs can both support multiple
conductors and electrodes, with straight billabong prototype leads also heating <1°C when
tested for 3T MRI.

Property
Insulation
Length

Summary of findings
#leads
Range
tested
0-105µm thick
32
3-75cm long
112

Phantom

30-74cm long

112

Resistance*
Coil*

100-3000
0.2-0.7mm pitch
0.6-1.2mm ID
5-68 cm long

7
40
40
40

0-40cm fold-back
3-layer 68 cm coil
135-1500 /trap
1 or 4 wire leads
10-68cm long
1 or 3 layer coil
4-40cm fold-back
1 or 4 wire leads

5
1
60
10, 50
20
10 ea.
7
10 ea

Table 1.

RF trap*
Billabong*

Effect on maximum SAR and ∆T (at electrode)
Increases as lead insulation thickness increases
Broad peak 20-45cm, declines at lengths >30cm
Lead-length at peak heating increases with insulation thickness
Increases with phantom size
Protruding lead does not significantly increase electrode SAR
Decreases as R~1/√ T
Decreases with decreasing pitch
Decreases with increasing diameter
Broad peak at 10-30cm lead length, then declines
Lead-length at peak heating decreases with smaller pitch, larger
coil ID
Broad peak at levels comparable to worst-case straight lead-length
Unacceptable heating (0.6mm ID, 0.5mm pitch)
Decreases with increasing RF trap impedance
No effect of DFT vs. Cu wire.
Gradual decline with length, heating insignificant
Decreased heating trend in 3-layer vs. 1-layer
Broadly peaks but heating not significant

Conclusion
Lead insulation and length strongly affect implanted lead safety to RF exposure
during MRI. Lead designs employing impedance and coiled-back windings offer hope for the
development of passive, MRI-safe implantable conducting leads for future human use,
including the possibility of making leads that are safe at more-than-one scanner frequency.
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