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Hybrid MR interventional imaging system:
combined MR and angiography suites

with single interactive table. Feasibility study
in vascular liver tumor procedures

Abstract Our objective wasto eval-
uate the feasibility of a hybrid
system consisting of a high-field
MR and fully equipped digital sub-
traction angiography (DSA) unit for
MR-guided vascular interventions.
In anewly built hybrid system, con-
sisting of a high-field MRI and aful-
ly equipped DSA unit, elective inter-
ventional hybrid procedures were
performed. Between May 2000 and
November 2001, 30 patients with
liver tumors underwent MR-guided
chemoembolization using the hybrid
system. During the intervention ac-
curate catheter position was moni-
tored with real-time and dynamic
MR imaging. Elective hybrid inter-
ventional vascular procedures were
performed successfully in 23 pa-
tients with liver metastases and he-

could be transferred between the
MRI and angiographic units on a
carbon fiber tabletop within 10 s.
Initial clinical trials demonstrated
that in the chemoembolization of pri-
mary and secondary liver tumors the
hybrid approach resulted in a change
of catheter position in 40% of proce-
dures. In combining high-field MR
system and a fully equipped inter-
ventional vascular angiographic unit
as backup, this hybrid system im-
proves the therapeutic capabilities of
interventional vascular proceduresin
theliver.

Keywords Magnetic resonance
technology - Angiographic
technology - MR interventional
procedures - Liver tumors - Hybrid

patocellular carcinoma (n=7). Patients

Introduction

Magnetic-resonance-guided interventional procedures
have gained major interest with the advent of new mini-
mally invasive interventional techniques. The shift from
open to closed procedures, and from extensive to re-
duced or percutaneous access, is universal and is ob-
served in nearly every field of medicine and for all organ
systems.

Open-MR scanners are usually operated at 0.2—1.0 T.
Vascular interventional procedures, such as transarterial
embolization, percutaneous transluminal angioplasty, or
stenting, however, require high spatial resolution and op-
timized real-time imaging to control the interventional
process. Radiological hybrid systems are of great interest

in the field of interventional radiology, and some sys-
tems have already been established in clinical routine.
The majority of hybrid systems thus far in use combine
CT and digital subtraction angiography (DSA) units.
These settings are most useful for the diagnostic and in-
terventional approach to liver tumors and bony lesions
[1]. This combination has been extended to other appli-
cations, including percutaneous spine biopsy [2]. Other
hybrid systems thus far installed combine MRI with
C-arm fluoroscopy [3, 4].

We present here a new hybrid system, combining
high-field MRI and a fully equipped high-end DSA unit
in separate rooms, with a newly constructed table for
transferring patients between the units. The system can
be used both for standard clinical imaging and in inter-
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ventional procedures with additional advanced function-
ality. Interventional vascular proceduresin the liver were
performed in this study, and the results are presented
herein.

Materials and methods

In a newly built suite with fully equipped MR and C-arm DSA
units, elective interventional hybrid procedures were performed
successfully in 30 patients.

The MR imager is a new-generation 1.5-T unit (Magnetom
Symphony Quantum, Siemens, Erlangen, Germany) with power
gradients and a bore length of 160 cm [gradients 30 mT/m each
axis; field of view (FOV) 50 cm). The system is equipped with a
standard MR table and an in-room monitor (size: 15 in., shielded
TFT display) for in-room control of interventional process as well
as in room scanning control. The overall working space for the
MR room is 36 m2 (Fig. 1). The MR system allows the use of all
high-field MR capabilities (e.g., contrast-enhanced MR angiogra-
phy, dynamic imaging, MR fluoroscopy, perfusion imaging) with-
out compromise or limitations. Additionally, the system allows
MR fluoroscopy through advanced real-time imaging (up to five
images/s) with a true fast imaging with steady precession (FISP)
sequence.

The DSA unit (Multistar Plus, Siemens Erlangen, Germany),
installed in aroom of 42 m?, is a commercia system with a double
C-arm construction, allowing rotation of the entire C-arm (X-ray
tube and image intensifier) at speeds up to 25°/s. The angiographic
unit includes special options for rotational angiography, automated
digitally subtracted peripheral stepping, and CO, angiography. Ad-
ditional features include techniques for reduction of X-ray expo-
sure, such as pulsed fluoroscopy; graphics-based radiation-free col-
limation in last-image hold; and automatically inserted spectrum
filters to reduce soft skin radiation. The system is equipped with
three monitors: one for the examination; the second for roadmap or
last-series view; and the third for patient monitoring (Fig. 2).

Between the MR scanner and the angiography unit, a double-
wing door was installed, measuring 180x200 cm. Actual measure-
ments of magnetic and radio fields showed that the minimum dis-
tance between the MRI unit and the C-arm system should be 6.5 m
so as to prevent imaging interference between the two systems
during operation. This distance was determined by experimental
measurements prior to setup of the hybrid system. The distance
between the center of the magnet and the 0.5-mT lineis4 min z
direction and 2.5 m in the x direction. The door was constructed

b

Fig. 1a, b Combined MR and angiography suite in the intervent-
ional center (University Hospital Frankfurt, Germany). a Stand-
aone use of both modalities. b Hybrid use with interactive table

Fig. 2 View from inside the hybrid system a toward the MRI unit,
or b out of the MR suite. A newly developed, mobile connecting
table with integrated roller on the table top enables immediate po-
sitioning of the patient in either unit within 10 s without the need
for transposition
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with shielding against the magnetic field on one side, and the
X-ray environment on the other side.

A newly developed table with a length of 2.8 m can be posi-
tioned between the MR and DSA tables, alowing transfer of the
patients on a carbon-fiber tabletop within 10 s.

The MR and angiography units are connected to an image re-
construction and evaluation workstation (Virtuoso, Siemens, Er-
langen, Germany), which is used for secondary evaluation of im-
ages, image reconstruction, and image fusion. Image fusion is ac-
complished with software developed by SCR (Siemens Corporate
Research, Princeton, N.J.). It enables overlapping of images from
both modalities, thus increasing the information yield while en-
hancing navigation for MR-guided interventions.

Patients

Between May 2000 and November 2001 30 patients underwent
MR-guided vascular intervention using the hybrid system. All pa-
tients gave written informed consent to the examination and hy-
brid intervention.

Histologically proven hepatocellular carcinoma (HCC; n=7) and
colorectal liver metastases (n=23) were treated with transarterial
chemoembolization (TACE). The average age of the patients was
61.0+£9.0 years. The diagnosis had been based on percutaneous liver
cutting needle biopsy (n=16) or biopsy obtained through laparosco-

Fig. 3a—d Hybrid chemoembo-
lization from atransbrachial
approach with multinodular
metastatic liver infiltration.

a Gradient-echo-sequence pre-
embolization demonstrating
multinodular infiltration of the
right liver lobe. b, c Angio-
graphic evaluation reveals an
accessory hepatic supply of the
right liver |obe via the superior
mesenteric artery (b). d Gradi-
ent-echo-sequence, 40 s post
intra-arterial injection of con-
trast medium, revealsthe re-
gional perfusion viathe posi-
tioned catheter

py (n=4) or on imaging follow-up (n=10). In 11 patients no clinical
or radiological signs of cirrhosis were found. The TACE was per-
formed in the absence of contraindications to the procedure.

In all patients, the aim of TACE was to achieve control of local
tumor growth and prolong survival in the framework of a pallia-
tive therapy plan. In an interdisciplinary conference, all patients
had previously been rejected as candidates for liver resection or
transplantation on the basis of local tumor staging or poor general
medical condition. Criteria for inclusion in the TACE group in-
cluded nodal HCC growth as seen in investigative spiral-CT or
MRI studies, with absent clinical and radiological evidence of ex-
trahepatic involvement such as lymph node metastases, lung or
bone metastases, or peritoneal carcinomatosis. For liver metastas-
es, we included patients with colorectal cancer whose metastatic
lesions were five or fewer in number, and 50-90 mm in diameter.
Partial or complete thrombosis of the main portal vein was a fur-
ther exclusion criterion for the procedure. Follow-up studies were
performed with plain and contrast-enhanced spiral-CT.

TACE protocol in the hybrid system

The interventional procedure was started in the DSA unit with a
transfemoral access and placement of a 5-F sheath (Terumo,
Frankfurt, Germany) followed by an intra-arterial survey DSA of
the abdominal aorta employing a 5-F Pigtail (Cordis, Haan, Ger-
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many). Angiographic evaluation continued with selective intra-
arterial DSA of the superior mesenteric artery (SMA) and the celi-
ac trunk as well as common hepatic artery using a 4-F Cobra
catheter (Terumo, Frankfurt, Germany). During intra-arterial DSA
of the SMA an indirect portography was performed, outlining the
portal circulation in the venous phase. The 4-F Cobra catheter was
placed in the celiac trunk and advanced beyond the gastroduode-
nal artery. Depending on the size, location, and the arterial supply
of the tumor and its satellites, the tip of the catheter was advanced
further into segmental arteries for superselective DSA.

Under angiographic control, an MR-compatible Cobra 4-F
(Somatex, Berlin, Germany) was superselectively positioned via
guide wire into the tumor-bearing segmental artery. This catheter
had no braiding but a radiopaque tip which produced a slight sig-
nal void in MRI thus easing tip identification in real-time MR im-
aging. The patient was then positioned in the MR unit. Twenty
milliliters of a Gd-enhanced NaCl solution (concentration 1:20)
was manually injected (flow approximately 3 ml/s) via the cathe-
ter into the hepatic artery and dynamic MRI was performed using
a fast low-angle shot (FLASH) 2D sequence with a 110-ms TR
and a 6-ms TE, matrix size 256x256, and flip angle 90°. The ac-
quisition time per sequence was 12.09 s; 12 images were obtained
per minute over 5 min. The segment involved was visualized.
Catheter position was assumed as optimal if the segmental perfu-
sion during dynamic imaging matched involved liver segments
(either right or left liver lobe) to 80% as compared with preinter-
ventional contrast-enhanced MRI.

In 1 patient (Fig. 3) atransbrachial approach was used with the
4-F Cobra catheter. Depending on the results of the dynamic MR
images, the catheter was repositioned and the segmental perfusion
was re-controlled to allow immediate embolization after transfer-
ring the patient to the angiographic suite.

The embolization suspension consisted of 8-mg/m? body sur-
face Mitomycin C, and 10-ml iodised oil (Lipiodol, Guerbet, Sulz-
bach, Germany), followed by injection of 2- to 10-mg micro-
spheres (Spherex, Pharmacia, Berlin, Germany). After TACE, the
reduced tumor perfusion was confirmed by an additional DSA
study of the hepatic artery.

Imaging protocol

All patients received a plain and bi-phasic (arterial and venous
phase) spiral-CT (Somatom plus 4, Siemens, Erlangen, Germany)
examination of the liver prior to and every 3 months after inter-
vention during the first year and twice yearly thereafter as staging
and re-staging examination. Additionally, all patients received
plain spiral CT of the liver every 24 h after TACE in order to de-
termine the Lipiodol distribution within the liver and the tumor.
All patients were additionally imaged with a unenhanced and con-
trast-enhanced hepatic MRI protocol (MR Symphony Quantum,
Siemens, Erlangen, Germany) during intervention in order to more
accurately access the segmental distribution of the liver tumors
and therapeutic changes.

Results

Preliminary clinical results demonstrate the practical use
of this hybrid system in a clinical setting. Transferring
the patient from the angiographic suite to the MR unit is
achieved in 35 s or less, with a mean value of 25+10 s
until the first MR image is obtained. Repositioning of
the patient with the carbon-fiber tabletop from the MRI
setting to the workspace outside the 5-gauss field for
X-ray angiographic procedures is achieved even faster,

in a mean time of 14+8 s. The mean value for patient re-
positioning during intervention was 3+2 times (maxi-
mum 6 repositionings, minimum 1 repositioning).

Dynamic MRI using the above-described protocol and
intra-arterial contrast injection revealed a rapid and high
signal increase in the perfused regions. In the metastases
we observed a strong signal increase in the periphera
parts of the lesion and the adjacent liver parenchyma
(Fig. 4d). In the central parts of the tumor, no early en-
hancement was observed, presumably due to necrotic tu-
mor components. In 62% of the lesions, delayed contrast
enhancement of the central parts was noted.

Magnetic resonance monitoring resulted in a reposi-
tioning of the catheter tip in 30% of embolization ma-
neuvers, with the embolization being performed under
angiographic guidance (Fig. 4). In 15 patients of the me-
tastases group dynamic MR revealed incomplete uptake
of the contrast medium in the malignant area, so that
parts of the tumor were not perfused via the angiographi-
cally positioned catheter (Fig. 4d, €). In 8 patients (15%)
we found an insufficient contrast uptake in the peritu-
moral liver parenchyma, thus alowing no sufficient
safety zone for the embolization. In all patients above,
the catheter was repositioned under angiographic con-
trol, the new position evaluated with MRI, and emboliza-
tion was successfully performed. In 2 patients the repeat-
ed MRI study revealed again the incomplete perfusion of
the tumor, so that a second course of embolization with a
completely different catheter position had to be carried
out 4 weeks later. In both cases major parts of the tumor
were fed by branches from the left liver artery and not,
as angiographically assumed, by the right liver artery.
The second TACE was carried out with catheter position
in the branches of the Ieft liver lobe artery.

In 7 patients with hepatocellular carcinoma, involve-
ment of the liver was visualized in the angiographic sur-
vey. All 22 lesions were clearly hypervascularized, al-
lowing exact pre-embolization positioning of the catheter
tip in 5 patients in a superselective maneuver. An MR
control demonstrated the areas of tumor with a marked
and early enhancement during the arterial phase. In 2 pa-
tients a repositioning of the catheter had to be performed
according to the information obtained from dynamic ar-
terial enhanced MRI.

The image fusion allowed more easily identification
of the branching of tumor feeding vessels in 90% of the
patients, thus enabling an easier positioning of the cathe-
ter for embolization. In all 9 patients with catheter repo-
sitioning image fusion also eased the correct identifica-
tion of the alternate vessel branch for TACE.

Discussion

Interventional radiology demands sophisticated imaging
equipment, and yet the needs of interventionalists are
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Fig. 4 Hybrid intervention for
transarterial chemoemboliza-
tion of liver metastases. Hybrid
procedure for chemoemboliza-
tion in apatient with anirre-
sectable liver metastasisin
segment 7. a Gra-dient-echo-
sequence (fast low-angle shot,
FLASH; TR/TE=110 ms/6 ms,
flip angle 90°). Pre-chemoem-
bolization visualization of the
lesion with low signal intensity
(arrows). b, ¢ Digital subtrac-
tion angiography via 4-F cathe-
ter (MR compatible) which is
placed in the right hepatic ar-
tery. In the parenchymal phase
of the angiography a slightly
hypervascular metastasisis
verified in the right lower por-
tion of the liver in the angio-
graphic survey (b). Thereafter,
the catheter was supersel ective-
ly positioned in the periphery
(c). Note the tip of the catheter
(arrow). Afterward, the patient
istransferred to the MR unit
viathe connecting table. The
localization of the placed
catheter is performed with a 2D
gradient-echo sequencein se-
quential slice orientation. d The
dynamic Gd-DTPA enhanced
T1-weighted FLASH sequence
(TR/TE=110 mg/6 ms; arrows)
reveals an early and marked
blush in the vascular bed pe-
ripheral to the catheter tip
(arrowhead), thus proving the
optimal positioning of the
catheter for the embolization
procedure. Enhancement both
in the peripheral tumor region
and the surrounding liver pa-
renchyma

not yet satisfied. A present goal is the creation of a
multifunctional image-guided therapy room [3, 4].
Combined CT and angiographic suites have been de-
scribed that help to guide biopsy and drainage proce-
dures, or to perform selective embolization [1]. Other
hybrid systems consisting of MRI and C-arm fluoros-
copy do not provide either real-time imaging or high-
resolution DSA [3, 4].

The hybrid system presented here for the first time
forms the basis for the performance of interventional
vascular procedures using a high-field MR system with
power gradients and a fully equipped DSA unit ideally
configured for interventional procedures. This system
was designed to allow efficient performance of both ex-
aminations with minimal repositioning times for the pa-
tient, and to perform interventional high-field MR proce-
dures with the backup of an angiographic unit in case of

complications; thus, complementary diagnostic and ther-
apeutic procedures can be performed almost simulta-
neously, saving time and permitting various selective ar-
terial and venous catheterizations. Additionally, both
modalities can also be used separately.

Some disadvantages have been encountered with this
combined system. Two independent wall outlets for oxy-
gen, pressure, and vacuum may need to be installed in
order to allow an independent performance in both
suites. Nursing staff and technicians must be trained to
be aware of the possible dangers inherent in having
access to a high-field MRI system and interventional
(X-ray) suites [4, 5].

Magnetic resonance imaging, with its superior soft tis-
sue contrast, multiplanar imaging capabilities, and specif-
ic vascular applications, is the ideal method for
interventional monitoring or treatment planning [6, 7].
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Especially vascular interventions, such as percutaneous
transluminal angioplasty, stent implantation, or arterial
chemoembolization require high spatial resolution in
combination with an optimized real-time imaging [5, 18].

The combination of the high-field MR unit with a
fully equipped DSA unit offers an optimal platform for
interventional procedures requiring high spatial resolu-
tion as well as instant patient access. This setting im-
proves interventional accuracy with maximum safety for
the patient. With the design of the presented hybrid
system in separate rooms, the systems can be used both
as stand-alone units and in the hybrid interventional
mode. In the interventional mode both units are connect-
ed with a newly developed table, thus allowing a fast pa-
tient transfer from one unit to the other.

Specid indications are complex interventional maneu-
vers, where both modalities are amost simultaneously
applied. For the performance of MR-guided laser-
induced thermotherapy (LITT), temperature-sensitive
gradient-echo sequences are used to monitor heat-
induced changes in malignant tumors and adjacent nor-
mal tissue structures [8]. Using vascular occlusion of
feeding arteries, the amount of laser-induced necrosis can
be further increased [9]; thus, the hybrid system is used
for the angiographic balloon or drug vascular occlusion
followed by MR-guided LITT, with the backup of a fully
equipped angiographic suitein case of complications.

In contrast to one-room solutions, such as the com-
bined CT and angiography suite with a pivoting table,
which was presented by Capasso et a. [1], there are
much lower maintenance costs for our system due to the

possibility of operating both the MR and angiography
units as stand-alone facilities; however, technicians and
nursing staff must be trained to perform both examina-
tions, as well as the hybrid procedure [5, 10, 11, 12, 13,
14].

Our preliminary experience proves that the hybrid
system is valuable for complex transarterial chemoembo-
lization maneuvers in patients with hypervascularized
liver tumors, such as liver metastases, in order to demon-
strate adequate perfusion of the tumor itself and the sur-
rounding liver parenchyma before embolization. The
possibility to access the appropriate catheter position
during intervention through real-time and dynamic MR
imaging eases the procedure and increases the therapeu-
tic accuracy of TACE. The need for catheter reposition-
ing in 30% of the cases in our population demonstrates
the need for multiplanar, soft tissue imaging during liver
intervention. In combining high-field MR system and a
fully equipped interventional vascular angiographic unit
as a backup, this hybrid system improves the therapeutic
capabilities of interventional vascular procedures in the
liver. The possibility to perform image fusion eases the
identification of tumor feeding vessels and target vessels.

Further indications for employment of the hybrid
system are embolization or local chemotherapy in other
organ systems, MR-guided tumor ablation [15, 16, 17],
or peripheral vascular interventions under MRI guidance
such as percutaneous transluminal angioplasty (PTA) of
the pelvic and thigh arteries as well as stent or stent graft
implantation [18, 19]. In these settings the DSA unit
serves as a backup modality.

References

1. Capasso P, Trotteur G, Flandroy P, 5. Bakker CJ, van der Weide R, Smiths 9. Vogl TJ, Mack MG, Straub R, Roggan

Dondelinger RF (1996) A combined
CT and angiography suite with a pivot-
ing table. Radiology 199:561-563

2. Melzer A, Schmidt A, Kipfmuller K,

nology and principles of tomographic

HF (1999) Facilities for monitoring
blood flow during MR-guided diagnos-
tic and therapeutic interventions.
JMagn Reson Imaging 10:845-850
Gronemeyer D, Seibel R (1997) Tech- 6. Busch M, Bornstedt A, Wendt M,
Duerk JL, Lewin JS, Gronemeyer D 10. Gould SW, Darzi A (1997) The inter-

A, Felix R (1997) Percutaneous mag-
neti c-resonance imaging-guided |aser-
induced thermotherapy for hepatic me-
tastases of colorectal cancer. Lancet
350:790-791

image-guided interventions and sur-
gery. Surg Endosc 11:946-956

3. Adam G, Biicker A, Glowinski A,
Nolte-Ernsting C, Neuerburg J, Guinther
RW (1998) Interventional MR tomo-
graphy: equipment concepts. Radio-
loge 38:168-172

4. Adam G, Neuerburg J, Blicker A,
Glowinski A, Vorwerk D, Stargardt A,
Van Vaals JJ, Gunther RW (1997) In-
terventional magnetic resonance. Initial
clinical experience with a1.5-tesla
magnetic resonance system combined
with C-arm fluoroscopy. Invest Radiol
32:191-197

(1998) Fast “real time” imaging with
different k-space update strategies for
interventional procedures. JMagn
Reson Imaging 8:944-954

. Silverman SG, Jolesz FA, Newman

RW, Morrison PR, Kanan AR, Kikinis
R, Schwartz RB, Hsu L, Koran SJ,
Topulos GP (1997) Design and imple-
mentation of an interventional MR
imaging suite. Am J Roentgenol
168:1465-1471

. Vogl TJ, Mack MG, Roggan A, Straub

R, Eichler K, Miiller P, Knappe V,
Felix R (1998) Internally cooled power
laser for MR guided laser-induced
thermotherapy (LITT): initial clinical
results. Radiology 209:381-385

11

12.

ventional magnetic resonance unit: the
minimal access operating theatre of the
future? Br J Radiol 70:89-97

Schenck JF, Jolesz FA, Roemer PB,
Cline HE, Lorensen WE, Kikinis R,
Silverman SG, Hardy CJ, Barber WD,
LaskarisET et a. (1995) Supercon-
ducting open-configuration MR imag-
ing system for image-guided therapy.
Radiology 195:805-814

Lufkin RB, Robinson JD, Castro DJ,
Jabour BA, Duckwiler G, Layfield LJ,
Hanafee WN (1990) Interventional
magnetic resonance imaging in the
head and neck. Top Magn Reson Imag-
ing 2:76-80



1400

13.

14.

15.

Jolesz FA, Blumenfeld SM (1994) In-
terventional use of magnetic resonance
imaging. Magn Reson Q 10:85-96
Kahn T, Schmidt F, Mddder U (1999)
MR imaging-guided interventions.
Radiologe 39:741-749

Klotz HP, Flury R, Erhart P, Steiner P,
Debatin JF, Uhlschmid G, Largiader F
(1997) Magnetic resonance-guided
laparoscopic interstitial laser therapy
of theliver. Am J Surg 174:448-451

16.

17.

18.

Gould SW, Darzi A (1997) The inter-
ventional magnetic resonance unit: the
minimal access operating theatre of the
future? Br J Radiol 70:89-97

Zhao H, Crozier S, Doddrell DM
(2000) A hybrid, inverse approach to
the design of magnetic resonance im-
aging magnets. Med Phys 27:599-607
Manke C, Nitz W, Djavidani, Strotzer
M, Lenhart M, Vdlk M, Feuerbach S,
Link J(2001) MR imaging-guided
stent placement in iliac stenoses: afea-
sibility study. Radiology 219:527-534

19. Bucker A, Neuerburg J, Adam G,

Glowinski A, Schaeffter T, Rasche V,
van Vaals JJ, Molgaard-Nielsen A,
Ginther RW (2000) Real-time MR
fluoroscopy for MR-guided iliac artery
stent placement. JMagn Reson Imaging
12:616-622



