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Preface

In the pursuit of the goal of continuous improvement in surgical results, intraoperative

imaging technologies have taken an ever-increasing role in the daily practice of neurosur-

geons. To adapt available imaging technologies to the operating room a considerable amount

of effort has been focused on the subject. Most centers have taken individual and independent

approaches on the subject and an ever-diversifying field of “intraoperative imaging’’ has been

created. In an initiative of coordinating and symbiotically integrating these novel technolo-

gies, the international “Intraoperative Imaging Society’’ has been formed. After the second

international meeting of the society, this book is aimed to bring together both the essence and

details of the current status.

The initial drive for intraoperative imaging in neurosurgery came from the demands of

neurooncology. Accumulating evidence over the years has indicated that a more complete

resection of brain tumors was associated with a lower incidence of recurrences and longer

survival. This led to a search for techniques and technologies to improve the extent of surgical

resections. Stereotactic techniques have led to the development of Neuronavigation as a means

to define brain anatomy during surgery and to guide surgical interventions. The technology

was welcomed with much enthusiasm as it provided precise stereotactic definition of both the

brain anatomy and the boundaries of intracranial lesions. However, neuronavigation was

based on preoperatively acquired images and the brain shift caused by the surgical interven-

tion severely affected the accuracy and therefore the dependability of this technology.

Meanwhile several different technologies of intraoperative imaging were under development.

Ultrasonography (U/S), computed tomography (CT) and MRI are currently the most promi-

nent of these techniques. Initial designs were tested in the clinic and most were replaced by

never designs to accommodate clinical needs and to compensate for the shortcomings. The

financial burden of these sophisticated intraoperative imaging technologies was also a serious

consideration and had an important influence on equipment and facility designs. Intraoperative

imaging technology certainly did not stay confined to the field of neurooncology. Neurovas-

cular, pediatric, functional and spine surgery had different needs and these were fulfilled by

development of even more diversified technologies.

The increasing attention and interest on intraoperative imaging also necessitated interna-

tional interaction and collaboration and the Intraoperative Imaging Society was formed in

2007. The first Annual Meeting of the Intra-operative Imaging Society was held at the Hyatt

Regency Resort, Spa and Casino in Lake Tahoe-Nevada in 2008. After this very successful

meeting, the second meeting was held in Istanbul-Turkey from June 14 to 17, 2009. This book

brings together highlights from this second meeting of the Intraoperative Imaging Society. The

first section of the book gives an overview of the emergence and development of the

intraoperative imaging technology and it gives a glimpse on where the technology is heading.

Among all technologies, intraoperative MRI has received most of the attention due to

immense technical potential of this modality. Various new technologies have been developed
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in the last decade and this led to very diverse designs. Therefore, we have divided this section

into parts discussing low, high and ultra-high field designs. The second, third and fourth

sections provide separate reports on each system. After reading these chapters the reader

should have a general idea on intraoperative MRI technology and know the pros and cons of

each design. The sections on CT and Ultrasonography are followed by a section with reports

from the most prominent centers which have attempted integrating different imaging technol-

ogies. The last one is a diverse section bringing together ancillary techniques as well as reports

on intraoperative robotic technology.

We believe that this book will provide an up-to date and comprehensive general overview of

the current intraoperative imaging technology as well as detailed discussions on individual

techniques and clinical results.

Istanbul, Turkey M.N. Pamir, T. Kırış

Frankfurt, Germany V. Seifert

March 2010
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Stüer, C., Ringel, F., Stoffel, M., Reinke, A., Behr, M., and Meyer, B.

Microscope Integrated Indocyanine Green Video-Angiography

in Cerebrovascular Surgery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
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From Vision to Reality: The Origins of Intraoperative MR Imaging

Peter Black, Ferenc A. Jolesz, and Khalid Medani

Abstract Intraoperative MR imaging has become one of the

most important concepts in present day neurosurgery. The

brain shift problem with navigation, the need for assessment

of the degree of resection and the need for detection of early

postoperative complications were the three most important

motives that drove the development of this technology. The

GE Signa System with the ‘‘double donut’’ design was the

world’s first intraoperative MRI. From 1995 to 2007 more

than 1,000 neurosurgical cases were performed with the

system. The system was used by several different specialties

and in neurosurgery it was most useful for complete resec-

tion of low-grade gliomas, identification and resection of

small or deep metastases or cavernomas, recurrent pituitary

adenomas, cystic tumors, biopsies in critical areas and sur-

gery in recurrent GBM cases. Main superiorities of the

system were the ability to scan without patient movement

to get image updates, the ability to do posterior fossa cases

and other difficult patient positioning, the easiness of opera-

tion using intravenous sedation anesthesia and the flexibility

of the system to be used as platform for new diagnostic and

therapeutic modalities.

Keywords GE Signa � Intraoperative MR �MRI �Navigation

Abbreviations

BWH Brigham and Women’s Hospital

CSF CerebroSpinal Fluid

fMRI Functional MRI

GBM Glioblastoma Multiforme

MEG Magnetoencephalography

MR(I) Magnetic Resonance(Imaging)

MRT Magnetic Resonance Tomography

NIH National Institute of Health

OR Operation Room

Introduction

The Beginning

Intraoperative MR imaging has become one of the most

important concepts in present day neurosurgery. Many fac-

tors led to the emergence of intraoperative MRI; the most

important were:

(1) Brain shift (movement of the brain relative to the cra-

nium between the time of scanning and surgery). One of

the main reasons for developing intraoperative imaging

was the shift of cortical brain structures during surgery

because of loss of CSF, shrinkage of brain tissue, and

resection of the lesion. These changes make it difficult

to navigate accurately with preoperatively acquired

images. This was particularly important for biopsies of

cystic lesions, for resection of deep lesions or those with

cysts or near the ventricles. Intraoperative MR can

accurately estimate changes to the brain which occur

during surgery, a property which is lacking in navigation

systems using preoperatively acquired images [1 6].

(2) Assessing the degree of resection during surgery.

Achieving greater tumor resection was another reason

for developing the intraoperative MR. Residual tumor

can be detected using this modality and can be removed

without a return to the operating room. This turned out

to be particularly important for pediatric tumors, glio-

mas and pituitary adenomas.

(3) Evaluating intraoperative complications. Intraopera-

tive MR also has the capability to recognize acute

intraoperative changes such as hemorrhage, infarct,

and edema. These complications may be treated immedi-

ately, avoiding long-term disability.
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The GE Signa System was the world’s first intraoperative

MRI. It used a novel ‘‘double donut’’ design in which the

magnetic field was between two open magnets (Fig. 1). The

main contributors to the system were Ferenc Jolesz and

then Ron Kikinis and Richard Schwartz of the BWH

Dept of Radiology, Peter Black and Eben Alexander, III of

Neurosurgery, Marvin Fried from the Ear, Nose, and Throat

Department, Mory Blumenthal from General Electric, BWH

Biomedical Engineering, Maureen Hanley of nursing, Linda

Aglio and George Topoulos of the anesthesia staff, and the

hospital administration.

An important feature the system was a collaborative

arrangement between the BWH and Children’s Hospital. Drs.

MarkRockoff and Sulpiciano Sorianowere particularly impor-

tant in this. On Wednesday each week the system became an

outpost of the Children’s Hospital next door. The nursing and

anesthesia staff were all from Children’s; the patient was cared

for preoperatively and postoperatively at Children’s Hospital.

As the years developed, Dr. Fried left the BWH and ENT

applications diminished. Radiation oncology under Dr.

Anthony Amico became an important application, using

the magnet for real time dosimetry for prostate cancer

brachytherapy. For most of the life of the magnet, neurosur-

gery and radiation oncology shared its use.

The magnet arrived at BWH in 1993. The components

included the magnet, console, anesthesia machines and

monitors. The Midas REX drill system, operating micro-

scope and CAVITRON ultrasonic device were developed

over the next few years with particular help from neurosur-

gical fellows. In 1995, we performed the first brain tumor

craniotomy using the intraoperative MR [1].

The GE Signa MRT System

In the GE 0.5 tesla Signa system, surgery is done directly in

the MRI scanner. All instruments must be non-ferromagnetic.

The device also acts as a powerful navigation system using

software called slicer [7, 8]. Neurosurgical MRT fellows

included: Tom Moriarty, Claudia Martin, Andrew Danks,

Kate Drummond, VivekMehta, Arya Nabavi, DavidWalker,

Lorenzo Bello, Dennis Oh, Elizabeth Claus., Juan Ortega,

and Andrew Morokoff. They were instrumental in develop-

ing the instrument and its applications.

The slicer was a unique feature of our system developed

by the Surgical Planning Lab (SPL), an immensely talented

and powerful post-processing MR laboratory group led by

Ron Kikinis. With the slicer, the MRI itself became a navi-

gation system so no additional fiducials or registration was

needed.

An example of a case operated using the GE Signa

intraoperative MR is presented in Fig. 2: a 21-year-old

woman came from Europe with intractable seizures of the

right leg and hand with speech arrest. The MRI showed a

tumor in the medial aspect of her left motor cortex (Fig. 2).

Surgery was successfully performed to resect her gangliocy-

toma using the intraoperative MR. The images taken during

the surgery show how the tumor was totally resected and the

brain returned to normal (Fig. 3). The patient was discharged

from the hospital two days after surgery with no deficit. One

week after surgery, she was ready to go back to her home and

has been seizure-free for the four years following surgery.

Besides its real-time updates during surgery and its strong

navigation system, other advantages of the GE Signa system

included:

1. The joy of working with a great team.

2. The little risk of ferro-magnetic instrumental injury

because everything was screened before entering the

room.

3. The ability to scanwithout patientmovement to get updates.

4. The ability to do posterior fossa cases and other position-

ing which is difficult for regular navigation systems.

5. The ready ability to operate on patients using intravenous

sedation anesthesia. For low grade gliomas, the combina-

tion of intraoperative navigation and intravenous sedation

anesthetic with brain mapping gave an accuracy and

safety not possible with other systems and ideal for the

patient.

6. The ability to use the scanner as a platform for new

diagnostic and therapeutic modalities such as scanning

with a patient upright to look at disc disease and use of

laser hyperthermia for noninvasive ablation of a target.Fig. 1 The GE Signa intraoperative MRI

4 P. Black et al.



Disadvantages of the system included:

1. A modest restriction on positioning to get the ‘‘sweet

spot’’ for imaging.

2. Early on, limitation of instrumentation because of the

requirement for non-ferromagnetic tools.

3. Relatively low field strength compared with some other

systems.

Uses of Our System

More than 1,000 neurosurgical cases were done in the Signa

MRT system from 1995 to 2007. They included more than

800 craniotomies, 120 biopsies and 80 other procedures

(cyst drainage, transsphenoidal procedures, etc). The major-

ity of tumors were low-grade gliomas (50%); high-grade

gliomas (24%), recurrent glioblastomas (26%), and other

(10%) (Fig. 4).

Forty percent of the low-grade gliomas were done with

mapping and intravenous sedation anesthesia. In 38% of

cases, unexpected tumor was identified on intraoperative

repeat imaging. The Cincinnati, Erlangen, and Boston expe-

rience confirmed that 40 50% of cases showed residual

tumor that could be removed [9, 10]. The complication rate

was only 5%, even in eloquent cortex, and the intraoperative

imaging predicted postoperative imaging very well.

In recurrent gliomas, intraoperative MR significantly

helped in resection of such tumors where the anatomical

landmarks have been lost (Fig. 5). Intraoperative MR is

Fig. 2 21 year old female with a

gangliocytoma, before surgery

Fig. 3 21 year old female with a

gangliocytoma during surgery,

using the GE Signa intraoperative

MR. The lesion is localized with

the slicer in the coronal and

sagittal planes; it is removed

(lower left) and the bone is

replaced without difficulty. She

had no postoperative deficit

despite the proximity of the lesion

to primary sensory and motor

cortex

low grade
gliomas

high grade
gliomas
recurrent
gliomas

other

Fig. 4 Tumor types in 900 cases

at BWH using the GE Signa

intraoperative MRI
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also very useful in recurrent pituitary adenomas again demon-

strating residual tumor otherwise unresected [11] (Fig. 6).

We concluded that intraoperative MR was important for

complete resection of low-grade gliomas, identification and

resection of small or deep metastases or cavernomas, recur-

rent pituitary adenomas, cystic tumors, biopsies in critical

areas and recurrent GBM [11 17].

Accomplishments

Many improvements in patient care resulted from the use of

the intraoperative MRI at the BWH; they include: improve-

ment of the degree of resection of all tumors, shortening the

duration of hospital stay, and reduction in the postoperative

complication rate.

The unit was also extremely important in grant fund-

ing, including large NIH grants for post-processing of

images, applications of intraoperative imaging, and new

therapeutic approaches. These grants included program

projects, national centers of excellence, RO-1’s, and foun-

dation grants.

The Future

In the near future, Intraoperative MR can be a broad base for

different advance imaging techniques such as fMRI, MEG,

MR Spectroscopy, as well as new therapeutic modalities

such as laser hyperthermia for lesion destruction, focused

ultrasonic surgery of tumors, robotic neurosurgery and, the

new Advanced Multimodality Image Guided Operating

(AMIGO) Suite at BWH [7, 18]. These topics will be cov-

ered by Dr. Jolesz’s paper in this volume.

Perhaps the most important task, however, is the creation

of class-one evidence for the usefulness of intraoperative

imaging and the development of other applications including

spinal and functional neurosurgery.

Fig. 5 Pre and post operative

recurrent glioblastoma, using the

GE Signa intraoperative MRI

Fig. 6 Pre and post operative

recurrent pituitary adenoma,

using the GE Signa intraoperative

MRI
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Conclusion

The early days of intraoperative MR imaging were pioneer-

ing, exciting, and visionary. Particularly important were the

teams developed, the concept of the power of this modality,

and the stimulation of the next generation to move the field

forward. The creation of the intraoperative imaging society

is an important step in consolidating this field and it will be

exciting to see how this develops.

Conflict of interest statement Dr. Jolesz has received consultant

fees from General Electric, who pioneered this system.
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Development of Intraoperative MRI: A Personal Journey

Rudolf Fahlbusch

Abstract The initial attempts at intraoperative image guid-

ance and imaging dates back to early 1980s. Since then

Neuronavigation and intraoperative imaging technologies

were developed in parallel. This works aims at summarizing

the developments and giving an insider’s view into the

beginning stage of these technologies. The successes and

obstacles encountered in the first few decades are relayed

from the angle of one of the initial developers.

Keywords Intraoperative MR � MRI � Navigation

Dreams in my neurosurgical life were focussed on continous

improvement of surgical results and I was convinced that

this could be achived by early or real time testing. In the

seventies I introduced endocrinological methods to predict

early outcome of pituitary surgery. In the eighties neuro-

physiological monitoring for brainstem- and cerebellopon-

tine angle (CPA) tumors improved functional surgical results.

In the nineties computer and engineering sciences were

incorporated in surgical planning and surgical manoeuvres,

in order to obtain a safer and more accurate brain tumor

surgery. From the very beginning neuronavigation and

intraoperative MRI were from my point of view two

parallel developments, supporting each other. This shall be

illustrated by my personal experience. Certainly this is not a

systematic complete presentation of all efforts in this field.

There are moments for decisions in our professional lives,

which can be regarded as destiny, maybe a favourable

opportunity, prepared already in our inner development.

Such an event happened to me in January 1992, when

Peter Heilbrunn, at that time Chairman of the Department

of Neurosurgery University of Utah in Salt Lake City, and

main organiser of the Lende Winter Meeting, invited me

to his winter house in Snowbird. When he asked Robert

Spetzler and myself for a visit of his bedroom we could not

understand immediately, which machine Peter was going to

introduce to us there. Some days later, in his computer-

laboratory, which came out to be the first one in neurosur-

gery up to my knowledge, he presented to me the first

prototype of a pointer related neuro-navigation system.

When I asked him to provide me with the first commercial

navigation system in Europe, this happened to us in Erlangen

in 1993. Peter Heilbrunn’s pilot-system (‘‘machine vision’’)

was later commercialized as the Stealth System by Surgical

Navigation company, directed by Kurd Smith, who helped

intensively and frequently to integrate the system in our OR.

It was Richard Buchholz from St. Louis, who completed the

device, introducing also special LEDS (This navigation sys-

tem was distributed later by Sofamor-Danek and latest by

Medtronics). It was at a much earlier opportunity in the

middle of the seventies when I would have had the chance

to realize the significance of an early mechanical navigation

system, I overlooked it a long while, after its principles were

presented to us by Eiju Watanabe, when he was a research

fellow in Erlangen, coming from Tokyo University. Retro-

spectively I was not completely convinced about the practi-

cal use of this-at that time not so accurate system.

Nevertheless we used it for a while in traumatology cases.

Watanabe’s cooperation with his teacher Kintomo Takakura

was published in 1987 [1]. Today he is regarded as the

‘‘father’’ of the modern neuro-navigator.

Other pioneers in this field of intraoperative imaging

were Patrick Kelly with ‘‘volumetric stereotaxy’’ in 1979

[2], Schlöndorff, a German ENT-professor with ‘‘computer

assisted surgery’’ in 1986 [3] and Alim-Louis Benabid, who

constructed a stereotactic robot for performing biopsies and

positioning of deep seated electrodes in 1987 [4]. Together

with Christian Saint Rose he had also developed a neurona-

vigation system (see below). With the beginning of the

nineties the former neurosurgeon and later radiologist

Frank Jolesz founded together with the radiologist and com-

puter scientist Ron Kikinis the first Surgical Planning Lab

in Boston. In 1995 Kazuhiru Hongo introduced navigated

micromanipulation onto the way of robotics. As early as
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1991 Dade Lundsford introduced intraoperative CT (ioCT)

in Pittsburgh, but gave it up due to minor resolution for

imaging of brain tumors.

The following experiences shall illustrate how close

developments in neuronavigation and intraoperative MRI

were running parallel and, supported each other. In the

beginning of the nineties a technical engineer from Zeiss

company, Mr Marcovic, stayed with us in our operating

room in Erlangen as a guest (observer) After some days he

asked me, how far I would be interested to see the MR-

images no longer in the traditional way on the screen at the

wall, but within the eyepieces of the microscope. I was fully

convinced by this principle, when Mr. Marcovic and Mr.

Luber demonstrated me the first pilot microscope in the

Zeiss laboratories later in Tuttlingen, which could offer

projection of MR images into the eyepiece of the microscope

for the use of navigation. Furthermore I could discover, that

this Zeiss MKM was not only a tool for neuro-navigation,

but offered also robotic potential. Its movement from the

stand-by position to the point of view position in the

operating field could be ordered by voice. In my eyes this

was the birthday of microscope-guided navigation. So far we

were working with pointer-guided systems for example with

the Stealth navigation system. Some months later I visited

the Siemens development laboratories in Erlangen and

became aware of a newly developed open MRI. The 0.2 T

machine offered not only an acceptable resolution for diag-

nosis, but could document manoeuvers in orthopaedic sur-

gery, in a way of combined imaging and navigation, showing

nearly on line movements of instruments.

It was during the Meeting of the ‘‘International Pituitary

Neurosurgeons Society’’ in Bamberg, at the opportunity of a

social evening event in a beer cellar, when I askedmycolleagues,

if they have heard also that someone in United States is going

to introduce MRI in the operating room. I was so much sur-

prised thatmy table neighbour Peter Black said, ‘‘Yes, it isme’’.

It was only a question of time when I went to see the first

equipment for ioMRI, the 0.5 T Signa SP (Double donut), in

Boston. This was a development of GE in cooperation and

on demand of Frank Jolesz and Peter Black, probably as a

result of their experiences they had gained in their Surgical

Navigation Planning Lab: the problem of brain shift. After

an intensive preparation time of more then 2 years-including

safety aspects for patients and medical staff being in or close

to a magnetic field for a longer time- the first operation a

brain biopsy was performed in June 1995-the first trepana-

tion was performed in January 1996.Peter Black had invited

me to demonstrate a biopsy for a brain tumor in fall 1995, I

could observe ENT doctors using a copper-endoscope for

surgery of the paranasal sinuses. It was obvious that this

continuously running magnetic field tolerated within its

field strength only MR compatible equipment, starting with

surgical instruments ending with machines for anaesthesiol-

ogy, positioned close by. A narrow working area for the

neurosurgeon was the price for receiving online MRI data.

The neurosurgeons could use this permanent image informa-

tion during their resection of a brain tumor, which allowed

them to follow and compensate the brain shift for navigation

for the first time. I was fascinated too by the Surgiscope, a

highly sophisticated navigation system, developed originally

by Alim-Louis Benabid and Christian Saint Rose, pioneers

in neuronavigation, Saint Rose had demonstrated convinc-

ingly its accuracy to me during a resection of a pediatric

glioma in Paris. Later it came out that Electa company, the

distributer of the Surgiscope, and the distributor of the first

open low field MRI (Magnetom) Siemens had no common

‘‘Schnittstelle’’ this was for me the end of a potential

realisation.

Our wish to realise an intraperative MRI system together

with navigation in Erlangen was favoured by the fact, that the

former director of Siemens Medical Solution, Dr. Grassman

became Director of Zeiss, Tuttlingen and that he was followed

by Prof Reinhardt, with whom we cooperated before with

some projects of MRI visualisation of pituitary tumors and

surrounding arteries (MR angiography.)

One year after our common decision, induced by

Mr Schöck, the chancellor of Erlangen University, our new

OR suite with the 0.2 T open MRI and the Zeiss MKM

(Figs. 1 and 2), could be realised together with the neuro-

surgeon Ralf Steinmeier. We were able to perform our first

operation in March 1996-accompanied by a lot of worries.

Would everything run really well during the transport of our

patient with an open trepanation after a brain tumor resection

from his position on the operating table, into the gantry of

the MR scanner, then docking this table to the MR machine,

which took this over as examination table-and the same

procedure backwards? What about sterility during this

prolonged surgery? How would the images look like,

would the resolution of images be sufficient, how intensive

would artefacts influence the results? For pituitary surgery

iopMRI:
Version 1a

0,2T MRI
Stealth Navi

Zeiss MKM

Fig. 1 The original, initial ioMRI (open Magnetom (version 1a) in

Erlangen. Above: view from the room with theMagnetom Open into the

OR room. Below: view from the OR with Zeiss MKM and Stealth

station to the MRI room
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we learned to avoid drilling artefacts by using porcelain

coated drills instead of stainless steel drills and to insert a

small wax plate at the sellar floor after tumor resection to

separate the intrasellar space from the sphenoid sinus, with

its bleeding artefacts during data acquisition.

From the very beginning of developing intraoperative

MRI there existed different options and concepts for its

realisation, which could not be tested in an experimental

way before:

A continuous magnetic field for on line imaging with

surgery within the magnetic field.

A magnet separate from the operating field, where the

advantages of microscope navigation could be used. Another

concept decision was related to the field strength: low field

vs high field: This concept as well as the concept of the

relation of the patient’s to the magnet position is till today in

discussion: Shall the patient be transported into the gantry of

the magnet or the magnet to the patient. We used pointer

related navigation and microscope guided navigation as

well. At the beginning it was necessary to have two different

rooms, one room for the surgical procedure, including navi-

gation and the other room for MR control. Both were

connected to each other, but could be separated by a shielded

door. This had the advantage that the MR room could be

used during surgery also for examinations of other patients

(a concept in ioMRI systems, which is still used today for

commercial reasons.) At that time we could not perform

surgery and MRI examinations in one common room.

Tests have demonstrated that there was no compatibility of

equipment. 1995 and 1996 in parallel the Heidelberg group

of neurosurgeons (Stefan Kunze, Christian Wirtz, Volker

Tronnier) had developed ‘‘our’’ concept too, they introduced

compatible coils as well as a special operating table. Where

their operating room was large and the MRI room small it

was the other way around in our concept. This was an

unforeseen advantage, since we could work later on with

the newly introduced Zeiss NC4 closer to the MR gantry,

within the room with the Magnet, some tests have demon-

strated before compatibility of the equipment (Fig. 3, version

1b). From now on we could operate on the diagnostic MRI

table which was connected with a special compatible head

holding device, the time for major transportation seemed to

be passed away. We also found out that we could work

without any compatibility problems outside and at the so

called 5 Gauss line (Fig. 4).

Chronologically the introduction of a high field strength

MRI, the 1.5 T(Philips) was just following the developments

of low fieldMRI systems in Boston, Erlangen andHeidelberg

Fig. 2 Docking manoeuvre of

the OR table with the MR scanner

(version 1a)

iopMRI version1b :compatible Navi-micr. NC4

Fig. 3 ioMRI (version 1b) integration of the compatible navigation

microscope Zeiss NC4 close to the modified diagnostic and therapeutic

operation table
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of in 1997. The radiologist Charles Truwitt, together with the

neurosurgeon Walter Hall gained their first experiences with

biopsies ,later with trepanations at the University of Minnea-

polis. However they were unable to introduce navigation at

the beginning. Initially biopsies were taken close to the

gantry of the MRI on the specially equipped diagnostic

table, later on the trepanations had to be performed depart

from the gantry and the table had to be transported some

meters from a more distant place for surgery. In contrast to

this concept of patient to the magnet Garnette Sutherland

developed a system for magnet to the patient (1.5 T MRI,

IMRIS) in Calgary, Canada in 1996.

In contrast to these efforts of early installation of

high field magnets the development of low field system

continued, stimulated by the attraction of lower costs and

earlier availability. On one hand John Koivokangas installed

an open 0.36 T MRI (Philips) in Oulu, Finland in 1996/1997,

following the concept patient to the magnet. A similar de-

vice was introduced by Ronald E. Warnick and John Tew

with the 0.3 T MRI, produced by Hitachi company and was

later used by Kintomo Takakura and Tomokatsu Hori in

Tokio. The first an ultra low field MRI system in a magnet

to patient system was developed in Israel and introduced to

patients by Moshe Hadani in Tel Aviv and by Peter Carmel

and Michael Schulder in Newark: the Odin Pole Star N10

had a field strength of 0.12 T in 2000, the N15 version a field

strength of 0.15 T.The transportable magnet is positioned

below the operating ,when not needed and can be swinged

upwards to the head, when intraoperative maneuvers shall be

controlled. Till today the discussion about the value of a

‘‘useable resolution’’ of the low field images, stands in dis-

cussion with the more convincing images, gained by high

field systems.

The real breakthrough in the use of intraoperative MRI

happened from our point of view, when we were able to

combine functional navigation with high field 1.5 T MRI in

Erlangen (Fig. 5 and 6). After intensive planning and devel-

opments together with Christopher Nimsky and the industri-

al companies we could integrate the Siemens 1.5.T MRI

Sonata and the BrainLab Vecor Vision sky system naviga-

tion (Vilsmaier, Ehrke, Kraft) in our new concept. This

included also an integrated head coil for automatic registra-

tion intraoperatively. Functional MRI, using tools of MEG

(Kober, Grummich) and the Bold effect of MRI (together

with Oliver Ganslandt) allowed accurate localisation of elo-

quent areas such as sensor, motor, speech area (Broca and

Wernicke). Functional and morphological data could be

segmented, used for intraoperative navigation and could be

upgraded after intraoperative MRI control. With the version

of a rotating table the patient’s transport was solved, we

could work at the 5 Gauss line with normal instrumentation.

Even epilepsy surgery with EEG and ECG detections was

successfully performed (Michael Buchfelder, Johann Rom-

stöck). An experimental test documented that even the use of

a robotic system close to the operating able was also toler-

ated. The advantages of high field strength for quicker ac-

quisition time and improved anatomical, imaging became

obvious: the intraoperative resolution quality was the same,

even superior, to the preop one, we came to the statement

that there is a necessity to incorporate functional imaging

and visualisation into Ors, since about 30 40% of resectable

brain tumors (pituitary adenomas and gliomas for example),

are overlooked or not visible initially and can be resected

safely, which can be documented immediately. The other

high field strength advantages are functional imaging which

allowed us also to complement cortical mapping with DTI-

tractography (Christopher Nimsky) and to introduce Proton

spectroscopy with Ganslandt and the physicists Moser and

Stadlbauer from Vienna a potential for higher cytoreduction.

Meanwhile it became obvious that there was no need for

more then one, maximal three intraoperative MRI controls,

which made the permanent online detecting of date unnec-

essary. The first ioMRI system, the double doughnut, was no

longer promoted by its industrial company. With the avail-

ability of 3 T MRI for diagnostic purpose, with advantages

for functional and metabolic imaging, there introduction in

the OR was only a question of time. In 2005 and 2006

Necmettin Pamir (Siemens), Christian Raftopoulos (Philips)

and Robert Spetzler (GE) started to installed these systems

for therapeutic use.

In 2007 we opened the INI-BRAIN SUITE at the Interna-

tional Neuroscience Institute: the first Open (70 cm bore!)

intraoperative high field MRI for therapeutic use (Fig. 7).

For the first time I was convinced to plan ‘‘2 operating

Fig. 4 Head position and surgery at the s.c 5 Gauss line, the safety

border for safe surgery (version 1b)
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theatres in one room’’ simultaneously. The actual one for

stable daily use on high quality level, the later one a 3 T, in

case that the actual problems of 3 T MR will be solved:

surface distortion, workflow with table transportation. Inte-

gration of ceiling mounted microscope Zeiss Pentero. Retro-

spectively the time from planning and decision for an MRI

lasted 1 year for the 0.2 T version, nearly 3.5 year for the

1.5 T version in Erlangen and less then 2 year for the 1.5

version in Hannover. The walls of the OR are isolated in a

way required for 3 T systems. The exchange from a 1.5 T to a

new 3 T (Siemens Verio) would prolong the 5Gauss line only

approximately 20 cm (4.5 4.2 m distance) from the Gantry.

It happened in October 2004 in Dresden, at the opportu-

nity of a joint meeting of the German Society and German

Academy with the American Academy of Neurosurgeons

that the necessity of ioMRI was accepted obviously in the

international neurosurgical community. This was the definite

result of a contemporary formal discussion between Spetzler

and Fahlbusch in the topic Controversies in Neurosurgery:

Intraoperative MRI: Gimmick or Godsend. Meanwhile

about 150 ioMRI systems are installed world wide, domi-

nated by low field systems. All systems have different

advantages and disadvantages for:

1-image/quality benefit, 2-acquisition time, 3-imaging

modalities workflow, and 4-costs

The scientific development of intraoperative imaging

were accompanied by a number of meetings on local and

international level. Since 1996/1997-on the US level Peter

Black ad GE initiated symposia and workshops with GE

users as well as guests using other equipments in Boston

and at the opportunity of Congresses of AANS, CNS and

WFNS. In Europe symposia were organised organised by

René L. Bernays (the later first president of the Intraopera-

tive Imaging Society in Foundation) in Zürich, Switzerland

and by Johannes Schramm (the later EANS president) in

Seeheim Jugenheim, Germany as an EANS Symposium. In

Germany the first symposium for navigation and intraopera-

tive MRI was organised by Joachim Gilsbach, Aachen, fol-

a

b

Coop with
Physicist,
Computer scientists,
Industry,
Precondition
For research/grants
DFG;SFB

Fig. 5 (a) Concept of the
interdisciplinary Neurocenter

(1996) Intraoperative MRI and

functional Neuronavigation the

Erlangen Concept to centralise

neurodata for fusion, post

processing and finally surgery.

(b) View into the

interdisciplinary Neurocenter,

opened 7/2000
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Intraoperative high-field 1.5T MRI Siemens Sonata : 4/02-1/06

In 30–40 % Impact on Lesion Resection or Surgical Strategy after iop MRI

Erlangen  II

Lesion Type Number of Patients
233Glioma

Pituitary Adenoma 203
Craniopharyngioma 27
Cranio Cyst Puncture 25
Non-Lesional Epilepsy 66
Misc. Brain Tumors 132
April 2002 - January 2006 686

Fig. 6 IoMRI version 2: 1.5 T

MRI Siemens Sonata with a

rotating table and the Zeiss NC4

(later Pentero) BrainLab Vector

Sky Navigation system in one

room. First operation in February

2002

INI Brain SUITE
13.2.2007 – 5.6.2009  243  iop procedures

PACS
Data

NS-Workstation 
(iPlan) 1. Floor

OR 5 OR 6

OR 3

OR 2

OR 1

OR 4

Stereotaxy Suite
(calibrated bp X-ray)

Angiography Suite

“OR1 - System“
Online + Archive

5th Floor - Operating Rooms

WORKSTATION

PACS

NS Workstation
1  Floor

Iop MRI +fNavig

a

c

b

Fig. 7 (a) INI BrainSuite (version 3) Installation procedure of the MRI

scanner at the INI Hannover. (b) View into INI BrainSuite. First

operation 13.2.2007 Open 1.5 T MRI Siemens Espree with 70 cm

Gantry with BrainLab Navigation and Zeiss NC4, later with a ceiling

mounted Pentero. (c) Localisation of the BrainSuite within the OR tract

on fifth floor. Structural engineering for construction stability was

planned already with the construction of the INI building, finished in

7/2000
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lowed by Rudolf Fahlbusch and Christopher Nimsky in

Erlangen, Maximillian Mehdorn and Arya Nabavi in Kiel.

At this time it became obvious that neurosurgeons had to

cooperate and incorporate with engineering and computer

scientists. In 1996 we planned the ‘‘Neurocenter’’ in the

Head. Clinic Erlangen, which we could open in July 2000,

were experts and users of all clinical neurodisciplines and

computer scientists gathered neurodata for post-processing

procedures, which could be used for patients’ operation.(Led

by the physicists Kober and Grummich, the computer scien-

tist Hastreiter). Without this symbiotic input, research fund-

ing would not have been successful (Fig. 5a, b).

A round table with participants from clinical users such

as neurosurgeons and radiologists, from industrial com-

panies, university administration and ministeries of the

government was established to work out concepts for

MEDICAL PROCESS OPTIMIZING, this included also

economic aspects. Generally open problems in image

guided surgery are the reduction and concentration of

image data, application accuracy, visualization from 2D

to 3D improved, as well as model based safety corridors

for surgical maneuvers. Further perspectives for intra-

operative MRI scanning are the following: less cost

intensive systems should be provided, and improvement

of ergonomic integration into the OR environment and

workflow a vision would be a nearly invisible and nearly

online flat or tabletop magnet-integration of therapeutic

devices (e.g. smart intelligent instruments, thermoablation,

focused ultrasound).

Within the next 10 years we can expect the following

developments in MR technology: ‘‘a widespread shift

to higher field systems (3 T), further improvement of coil

technology, including further increase of channels, introduc-

tion of molecular MRI agents and combined modality

methods’’ [5].

Meanwhile hybrid systems for io-imaging are installed,

respectively in development: Mitsumori Matsumae, Tokai

university, Japan, connected the OR to a CT and MR suite as

well [6]. In Boston the planned AMIGO suite will connect

the OR with 3 T MRi and a PET-CT. Meanwhile a com-

mercial PET-MR is available (Werner Siemens Foundation,

Radiology Tübingen, Germany) and will open further

aspects of application.

The escalating resources in intraoperative imaging in-

clude also other imaging developments, the already estab-

lished ultrasound technology and the newly developing

optical imaging, such as optical coherence tomography and

multiphoton excitation microscopy-working on a cellular

level, which for itself or in combination with ioMRI under-

line the scientific efforts, which will allow the increasing

establishment of this kind of adaptive tumor resection as a

standard procedure.

The First Society for Computer and Robotic Assisted

Surgery was founded in Leipzig, Germany in 2001. It was

expected that this scientific community would support fur-

ther development. Later on members of industrial companies

organised user meetings. BrainLab 1007 in Houston and

2008 in Singapore, whereas Medtronic organised a previous

meeting for the foundation of the International Imaging

Society in Lake Tahoe in 2008, under the guidance of

Moshe Hadani, Rene Bernays and Michael Schulder. In

June 11 14 2009 the Intraoperative Imaging Society was

definitely founded in Istanbul, where Necmettin Pamir, one

of the initial pioneers of intraoperative 3 T-MRI, hosted the

first official conference of this society.
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Lows and Highs: 15 Years of Development in Intraoperative
Magnetic Resonance Imaging

T. Schmidt, R. König, M. Hlavac, G. Antoniadis, and C.R. Wirtz

Abstract Intraoperative magnetic resonance imaging

(ioMRI) during neurosurgical procedures was first imple-

mented in 1995. In the following decade ioMRI and image

guided surgery has evolved from an experimental stage into a

safe and routinely clinically applied technique. The develop-

ment of ioMRI has led to a variety of differently designed

systemswhich can be basically classified in one- or two-room

concepts and low- and high-field installations. Nowadays

ioMRI allows neurosurgeons not only to increase the extent

of tumor resection and to preserve eloquent areas or white

matter tracts but it also provides physiological and biological

data of the brain and tumor tissue. This article tries to give a

comprehensive review of the milestones in the development

of ioMRI and neuronavigation over the last 15 years and

describes the personal experience in intraoperative low and

high-field MRI.

Keywords Image-guided neurosurgery � Intraoperative

magnetic resonance imaging � Low field high field MRI �
Neuronavigation

Introduction

The concept of image guided surgery has resulted in a

strategic shift in MRI from diagnosis to treatment. Since the

fundamental neurosurgical studies at several institutions [1 4]

in the 1990s, intra-operative magnetic resonance imaging

(ioMRI) and neuronavigation now enables neurosurgeons to

increase radicality of tumor resection while preserving func-

tionality. Numerous past and contemporary studies could

demonstrate a statistically significant prolongation of survival

time and improved postoperative performance after gross

total resection [5 9]. Additionally in early postoperative

MRI residual tumor could be detected particularly in supra-

tentorial glioma in up to 70% of operations [5]. These results

reveal an enormous discrepancy between the surgeons per-

ception of resection extent and objective radicality. In this

respect the implementation of neuronavigation has been

associated with high expectations in regard to the increase

of radicality. These expectations have been disappointing at

least in part, presumably due to the intraoperative brain shift

[10]. Consistently this data and the high sensitivity of MRI in

detecting brain tumors generated a necessity that led to the

integration of ioMRI. The ioMRI suite development has

followed two general concepts. The first concept developed

by the Black group is based on continuously refreshed

images [1, 11] and was used to perform magnetic resonance

imaging (MRI) during surgery using a dedicated MRI suite

in which surgery took place within the magnet at a midfield

strength of 0.5 T. It allowed the surgeon access to the patient

during the imaging procedure through the 56-cm-wide gap

of the open-bore and provided the surgeon with nearly real-

time neuronavigation. The second alternative concept was to

separate the place of surgery and imaging into a one- or two-

room suite design. ioMRI was performed discontinuously

during the surgical procedure by either transferring the pa-

tient to the MRI scanner or move the MRI to the patient

[4, 12 17]. Although surgery has to be interrupted for imag-

ing this suite design allows the neurosurgeon to use conven-

tional surgical tools and therefore reduces the fringe field

related restrictions. In the following decade the tremendous

improvements in MRI technique directly found their way

into the neurosurgical operation room. At present the

ioMRI systems can be divided into low- or ultra-low-field

installations [18 20] and high-field installations at 1.5 T or

3 T [12, 13, 15, 17, 21]. At least advanced imaging modal-

ities such as diffusion tensor imaging and tractography

could be successfully integrated to the microscope-based

neuronavigation both for preoperative and intraoperative

surgical planning [22 24]. However, cost constrains and
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the lack of studies that prove the superiority of high-field-

systems in terms of progression-free-survival and longterm-

survival have to be considered. Against the background of

15 year of intraoperative magnetic resonance imaging and

neuronavigation this articles reviews the personal clinical

and scientific experience at low-field and high-field ioMRI.

The Low-Field Experience at 0.2 T

In 1995 a low-field C-shaped resistive magnet (Magnetom

Open, Siemens AG, Medical Solutions, Erlangen, Germany)

with a lateral patient access of 240� was installed and mod-

ified for intraoperative use. In the ‘‘Heidelberg concept’’ the

magnetic shielded cabin was installed adjacent to the neuro-

surgical operating room and connected by a RF-shielded

sliding door. This setting allowed continued use of standard

instruments for microsurgical procedures. The detailed

description of the installation, the dedicated transport and

positioning system, and the integrated modified headholder

have been published previously [4, 25]. In 1996 we demon-

strated that neuronavigation can be updated using ioMRI and

that intraoperative re-registration was feasible with excellent

accuracy [26, 27]. Until 2008 688 patients were examined

intraoperatively, 541 for microsurgical operations, mainly

for high-grade and low-grade gliomas, and 147 for interven-

tional procedure like biopsies, cyst-aspirations or abscess-

drainages. Image quality at low-field 0.2T ioMRI was good

or acceptable in about 87.5% of the cases. However in 11.5%

only bad image quality was achieved or imaging was not

possible at all due to technical malfunction. In the systematic

analysis of the intraoperative images we identified four types

of surgically induced contrast enhancement representing a

potential risk of misinterpretation of ioMRI [28]. Surgically

diminished contrast enhancement in high-grade residual

tumor that showed a strong contrast enhancement in the

preoperative dataset could also be observed in some cases.

For that reason consideration of the location, configuration

and time course of contrast enhancement in ioMRI is man-

datory to avoid confusion regarding the further surgical strat-

egy. In a subgroup of 182 patients who underwent 192

microsurgical operations in 63.4% the surgical resection

was continued due to the detection of residual tumor which

could be significantly reduced subsequently [29]. The analy-

sis of the survival data showed a significant increase in

progression-free and overall survival. This could also be

demonstrated for low-grade glioma in a recent retrospective

study [30].

The High-Field Experience at 1.5 T

In September 2008 we began performing intraoperative

high-field 1.5 T MR imaging at our institution. Until July

2009 a total of 75 patients underwent ioMRI in 76 microsur-

gical procedures. The mean age was 50�17 years (range,

5 78 years). 41 patients were male (mean age 49�16.7;

range 5 78 years) and 34 female (mean age 51�17.1;

range 10 77 years).

The digitally integrated neurosurgical suite (Brain-

SUITE1, BrainLAB AG, Feldkirchen, Germany) combin-

ing ioMRI, neuronavigation and a comprehensive OR data

management at our institution was workflow-optimized on a

Fig. 1 BrainSUITE1 ioMRI

Miyabi with MRI Magnetom

Espree 1.5T in the background.

MR compatible anesthesia

equipment is on the left. The

coloured floor coverings

represent the laminar air flow

field and fringe field distribution

at 5mT and 50 mT. Photograph

demonstrate the Miyabi

bridgeboard transfer system in

surgical position. In this position

the patients body is completely

outside the 5mT line and enables

a 360˚ access to the patient. The

8 channel phased array head coil

is adapted to the transfer shell
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one room concept with an surface area of 64 m2. This setup

is functionally compartmentalized along two perpendicular

axes in areas which are dedicated to the field of surgery,

anesthesia and imaging. These axes are defined by the posi-

tion of OR table related to the MR scanner (Figs. 1, 2). In

surgical position the patients body is completely outside the

5 mT line and provides a 360� access to the patient. The

ceiling flange of the ceiling-mounted microscope (OPMI

Pentero C, Carl Zeiss Meditec AG, Jena, Germany) has

been adjusted to attain a maximum coverage of the patient

by the working range of the microscope. Neuronavigational

components are the ceiling-mounted Vector Vision sky and

the treatment planning software iPlan-Net (BrainLAB AG,

Feldkirchen, Germany). TheMR scanner (Magnetom Espree

1.5 T; Siemens AG, Medical Solutions, Erlangen, Germany)

is characterized by its compact length of 125 cm and an body

coil diameter of 70 cm. The gradient system has a maximum

field strength of 33 mT/m and a maximum slew rate of

100 T/ms. The fringe field distribution is symbolized by

coloured conductive floor coverings at the 5 mT (250�
172 cm) and 50 mT lines (160�131 cm). Through the

room control system all electrical devices can be centrally

controlled. To bridge the distance between the MR isocenter

and the table column of about 480 cm we chose the Miyabi

bridgeboard transfer system (Trumpf Medical Systems,

Saalfeld, Germany) with a weight limit of 160 kg which

was worldwide unique to that time. The patient is positioned

on the MR-compatible Miyabi-shell, which is locked by

clamps to the tabletop during surgery, the head is fixed in

the five-point holder of the 8-channel phased array coil (Noras

MRI products GmbH, Hoechberg, Germany). To transfer the

patient the integrated and retracted bridgeboard (length 60 cm)

has to be released and connected to theMRI-tabletop. Then the

shell can easily be moved to the imaging position. The entire

procedure takes about 3 min in average in both directions and

we encountered no transfer related complication. Intraopera-

tive imaging protocol was determined by the underlying pa-

thology (mean time 21 min). In glioma the standard protocol

consists of isotropic 3D-MPRAGE, T2-TSE, T2-FLAIR and

diffusion-weighted imaging, if indicated all available ad-

vanced imaging modalities and contrast administration can

be added. Image quality was good or excellent in all cases.

Microsurgical operation for 36 high-grade and 7 low-grade

gliomas, 9 pituitary adenomas, 4 aneurysms, 2 medulloblasto-

mas and 14 other were successfully completed. 4 patients were

surgically treated for lesional or non-lesional epilepsy. The

preliminary result of our ongoing workflow-analysis suggests

a safe and efficient setup. The suite has been integrated into

routine and runs on a daily basis.

Conclusions

High-field ioMRI at 1.5 T significantly reduces imaging

time, increases anatomical resolution and provides imaging

quality up to a standard that equals state of the art routine

diagnostic imaging. Meanwhile ioMRI has entered a stage,

where imaging objectives are far beyond the assessment of

anatomy, pathology and extent of tumor resection. Recent

development of advanced MR sequences enables quantita-

tive and semi-quantitative measurement of cerebral blood

Fig. 2 Transfer position:

Following a 90� rotation from the

surgery axis to the imaging axis

the Miyabi table is ready for

connection to the MR tabletop.

The integrated bridgeboard has

been released and arrested

previously. Now the shell and the

patient can easily be moved to the

MR Scanner. The entire transfer

procedure takes about 3 minutes
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volume and flow, water movement and the chemical compo-

sition of the tissue and therefore provides non-invasive in-

sight in brain and tumour physiology and biology

intraoperatively which definitely will open a new chapter

of ioMRI.
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Intraoperative Imaging in Neurosurgery: Where Will the Future
Take Us?

Ferenc A. Jolesz

Abstract Intraoperative MRI (ioMRI) dates back to the

1990s and since then has been successfully applied in neu-

rosurgery for three primary reasons with the last one becom-

ing the most significant today: (1) brain shift-corrected

navigation, (2) monitoring/controlling thermal ablations,

and (3) identifying residual tumor for resection. IoMRI,

which today is moving into other applications, including

treatment of vasculature and the spine, requires advanced

3 T MRI platforms for faster and more flexible image acqui-

sitions, higher image quality, and better spatial and temporal

resolution; functional capabilities including fMRI and DTI;

non-rigid registration algorithms to register pre- and intrao-

perative images; non-MRI imaging improvements to contin-

uously monitor brain shift to identify when a new 3D MRI

data set is needed intraoperatively; more integration of

imaging and MRI-compatible navigational and robot-

assisted systems; and greater computational capabilities to

handle the processing of data. The Brigham and Women’s

Hospital’s ‘‘AMIGO’’ suite is described as a setting for

progress to continue in ioMRI by incorporating other mod-

alities including molecular imaging. A call to action is made

to have other researchers and clinicians in the field of image

guided therapy to work together to integrate imaging with

therapy delivery systems (such as laser, MRgFUS, endo-

scopic, and robotic surgery devices).

Keywords Image guided therapy � Imaging � Interventional
� Intraoperative MRI (ioMRI) � Magnetic resonance � MR �
Neurosurgery

Introduction

Since the early 1990s when we introduced intraoperative

MRI (ioMRI) to the field of neurosurgery, it has greatly

developed and the number of users and clinical applications

have increased [1 10]. It is now important to look back and

evaluate the progress of ioMRI to assess what has happened

during almost two decades of activity and to identify to the

best of our abilities where we are headed.

The original reasons to develop ioMRI were the follow-

ing:

1. Brain shift-corrected navigation: The navigational sys-

tems used in operating rooms rely on preoperative images

that do not reflect changes in brain anatomy due to defor-

mations and shifts during surgery. This situation has

caused inaccurate targeting and major limitations for

neuronavigation. Today, by updating information on the

brain using a 3D image database, navigation is made

more accurate throughout the entire surgical procedure

[11, 12].

2. Monitoring/controlling thermal ablations: The original idea

of MRI-guided interstitial laser brain surgery leveraged the

temperature sensitivity of MRI to allow for temperature

monitoring during the procedure [13 20]. Today, radio-

frequency (RF) and focused ultrasound thermal ablations

can similarly be controlled through MRI [21 26].

3. Identifying residual tumor: MRI allows the clinician to

verify completeness of tumor removal at the end of sur-

gery and, if needed, to perform an additional tumor

resection. The original vision for ioMRI focused on correct-

ing for brain shift and monitoring temperature, while

today most users apply to perform ioMRI for the third

reason: tumor control [4, 27 29].
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Since its introduction, ioMRI, conceptually and in real

practice, has grown and changed significantly.

Present Benefits and Capabilities

The original full access open MRI, like the SIGNA SP

(General Electric Healthcare Technologies, Waukesha,

WI), was replaced with open limited access low and midfield

magnets and high (1.5 T) and ultra high field (3 T) closed

bore MRI scanners [6, 9, 10, 30 32]. Although, the SIGNA

SP represented the best configuration, it is at midfield and,

therefore, not optimal for neurosurgery. Today most neuro-

surgeons want higher field strength and more advanced

image acquisition technology that is only available in high

field advanced systems to obtain higher image quality and

better spatial and temporal resolution.

Advanced 3 T imaging platforms achieve faster and more

flexible image acquisitions that improve localization, target-

ing, monitoring, and therapy control. Advance imaging

methods functional MRI (fMRI) and diffusion tensor imag-

ing (DTI) have been introduced into neurosurgery and

integrated into intraoperative imaging [33 35].

As far as clinical applications are concerned, ioMRI has

been successfully developed and implemented for multiple

procedures, including:

• Biopsies and placement of electrodes

• Craniotomies for image-guided resection of benign and

malignant intracranial tumors

• Intra-cranial cyst drainages and

• Thermal ablations for malignant and benign tumors.

Future ioMRI Applications

In the future, this application pool will expand to:

Bening tumors (skull base): MRI-enhanced neuroendo-

scopy can be faster and safer than conventional neuroendo-

scopy and minimize the possibility of complications.

A strong need exists to develop MRI-compatible flexible

endoscopes with position tracking coils. The combination

of the two techniques may provide the best surgical guid-

ance. The most promising application is endoscopic trans-

phenoidal surgery for midline skull base and parasellar

lesions and transventricular endoscopic removal for extra-

ventricular tumors.

Neurovascular abnormalities and stroke: ioMRI provides

real-time perfusion and diffusion imaging to intraopera-

tively diagnose acutely developed vascular occlusion and to

monitor the condition of the brain during surgeries and/or

endovascular procedures. Intraoperative imaging of vascular

anatomy, including feeding arteries and the draining veins

of an intracranial arteriovenous malformation (AVM),

allows the neurosurgeon to intraoperatively assess vessels

and surrounding areas and make decisions about the need

to completely and safely resect or obliterate a vascular

malformation.

Various diseases of the spine: Spinal surgeries with IMR

will include: lumbar discectomies, anterior cervical discec-

tomies with fusion, cervical vertebrectomies, foramino-

tomies, and laminectomies. Through ioMRI, the accuracy

of localization and adequacy of decompression can be

assessed. Future applications may also include: resection of

spine and spinal cord, tumors, and spinal endoscopy. Tem-

perature sensitive imaging for laser discectomy and verteb-

roplasty can be performed with ioMRI guidance to prevent

the thermal damage of the nerve roots and spinal cord.

ioMRI Approaches

The ‘‘tumor control’’ method of ioMRI is a practical and well

accepted use of the technology, though it is best applied, not

as a single imaging session at the completion of surgery

when the clinician cannot take full advantage of ioMRI,

but throughout surgery to provide corrected, brain shift-

compensated guidance (with serial imaging and navigation).

The goal of more complete and effective tumor resection can

only be accomplished if we have better techniques to detect

the full extent of infiltrative brain tumors. ioMRI is part of

this solution along with other multimodality-based molecu-

lar imaging (optical, nuclear, or other). Besides tumor mar-

gin detection, we need more detailed information about the

functional and structural anatomy of the normal brain tissue

that surrounds the tumor (for MRI such detail comes through

multiparametric imaging: T1, T2, fMRI, DTI perfusion

imaging).

Managing the Brain Shift Challenge

Navigational systems fully integrated with ioMRI are also

part of improved image guidance [8, 11, 36 39]. For exam-

ple, it is necessary to monitor brain shift with a non-MRI

technique for continuous monitoring that helps the surgeon/

neuroradiologist to decide when a new MRI 3D dataset

should be obtained. Development of an integrated system

to improve visualization, navigation, and monitoring is a

necessary step in this direction.

Today we know it is possible to create an augmented

reality visualization of the intraoperative configuration of
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the patient’s brain merged with high resolution preoperative

imaging data, including DTI and fMRI to better localize

the tumor and critical healthy tissues. Brain shift-corrected

imaging requires the use of non-rigid registration algorithms

to compensate for displacements [40 42]. Massive compu-

tational needs must support these capabilities that entail

online usage in reasonable time frames of less than 5 min.

One of the main reasons for this computational load is that,

to properly account for ongoing brain shifts, fMRI and DTI

must be accurately co-registered and updated.

Methods of monitoring brain shift now include:

Laser Range Scanner (LRS): Devices, mostly used in

robotics applications, that emit and receive a laser beam

and by measuring difference of phase, time of flight or

frequency shift depth is measured.

Stereo camera imaging: Imaging from a type of camera

with two or more lenses that can capture three-dimensional

images.

Transcranial US (ITUM): A type of device, at the proto-

type stage, that uses the shear mode of transcranial ultra-

sound transmission to intraoperatively monitor brain shift.

MRI can then be obtained with the device spatially

registered to the MRI reference coordinates [43].

Further Development

ioMRI allows for the introduction of new surgical

approaches and/or techniques in vascular neurosurgery,

spine surgery, and skull base surgery (using image guided

and registered neuroendoscopy). Further moving ioMRI

forward in neurosurgery is the already-underway integra-

tion of ioMRI with image guided robots that provide,

through remote manipulation, an alternative solution to limit-

ed access. Already, for many types of neurosurgical pro-

cedures, companies have developed MRI-compatible

robotic systems and manipulators [44 51]. Today most

systems still lack the clinical validation that is necessary

for the surgical robot to execute not only biopsies but also

complex surgical manipulations.

ioMRI today has also moved beyond MRI-guided and

controlled thermal ablations for interstitial laser therapy [13,

14, 16, 17, 19] to MRI-guided focused ultrasound surgery

(MRgFUS) as well as the targeted ablative treatment of brain

tumors via drug delivery through an open blood-brain-barrier

(BBB) [23 25, 52 57]. FUS-induced neuromodulation is a

complement to functional neurosurgical applications for coa-

gulative lesions [57 59].

Greater progress and expansion for ioMRI requires the

development of new, more advanced imaging methods,

navigational techniques, surgical instruments and tools; the

more efficient use of computing technologies; and the inte-

gration of diagnostic and therapy devices with navigational

tools (computer-assisted surgery). A need exists for a multi-

focused, multidisciplinary effort involving researchers and

clinicians to explore and refine ioMRI to make it as cost-

effective and as widely accessible to a multidisciplinary pool

of users.

AMIGO: Merging ioMRI and Other Modalities

At the Brigham and Women’s Hospital, we are taking a lead

in this effort through the development and execution of a

multimodality approach to intraoperative imaging by inte-

grating the components of a rich multimodal and translational

clinical research environment to carry out open and mini-

mally invasive surgeries and percutaneous interventions.

Multimodality IGT provides comprehensive information

derived from different physical and biological properties.

Combined multimodalities provide anatomical, metabolic,

and functional information a previously stated goal for

ioMRI. Images can be complemented with newly developed

multiple molecular probes (nuclear, optical, mass spectrom-

eter, etc.). The use of multiple molecular probes improves

the sensitivity and specificity of cancer-relevant applications

over single mode imaging. To achieve this we must expand

our imaging platform for image guided neurosurgery to

include all modalities, especially those applicable to molec-

ular imaging (PETCT, MRI, optical imaging).

The validation of imaging tools and molecular imaging

agents in a multimodal surgical setting is possible because,

during surgeries, multiple tissue samples can be obtained for

pathology that can validate imaging findings at the same

location. Navigational and registration methods for multi-

modal registration can be used to compare multiple probes

that are measuring exactly the same tissue region.

Fig. 1 Advanced Multimodality Image Guided OR (AMIGO). The middle room is an operating room with surgical microscope, angiography,

ultarsound and optical imaging. The room on the left has a PETCT and on the right a 3T MRI which is seiling mounted and can move into the

operating room to image the patient on the operating room table (IMRIS, Winnipeg, Canada)
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The BWH’s Advanced Multimodality Image Guided

Operating (AMIGO) Suite (see Fig. 1), opening in 2010,

is uniquely designed to support, alongside routine clinical

procedures, the next phase of clinical and research activity in

ioMRI that will incorporate multimodal imaging. The logis-

tics of the suite are such that multidisciplinary teams will be

in close cooperation with one another during procedures that

might involve the use of an array of on-site (i.e., in the suite

itself) modalities from 3D ultrasound, fluoroscopy, MRI, and

PET/CT to carry out a variety of procedures.

The AMIGO and suites like it are at the forefront by

providing settings for practice, refinement, improvement,

validation, and innovation. Indeed, the future of intraopera-

tive imaging in neurosurgery depends on such settings and

teams and their increased application of advanced technolo-

gies and multimodality imaging. Integration of imaging with

therapy delivery systems (laser, MRgFUS, endoscopic and

robotic surgery devices) will characterize the next phase of

this emerging field.
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Development and Design of Low Field Compact
Intraoperative MRI for Standard Operating Room

Moshe Hadani

Abstract Objectives: To present the development of a com-

pact low field intraoperative MR image guidance system and

its application in brain surgery.

Methods: The PoleStar ioMRI system (Odin Medical

Technologies, Israel and Medtronic, Inc. USA) was devel-

oped for use in a standard operating room. Its primary

physical fixed parameters are magnetic field of 0.15 T and

field of view of 20�16cm. The magnet is mounted on a

transportable gantry and can be positioned under the surgical

table when not in use for scanning. Additional functionality

includes integrated navigation, and system operation by the

surgeons.

Results: The PoleStar system integrates into existing

operating rooms requiring only slight modification of the

surgical environment. Standard instruments can be used.

The system’s imaging allows it to be used for the following

indications: pituitary tumors, low grade gliomas (including

awake surgery), high grade gliomas, intraventricular tumors,

accurate navigation to small lesions such as cavernous

angiomas or metastases, drainage of cysts and brain abscesses.

The image quality, which is comparable to post operative

diagnostic high field imaging, enables high quality resection

control.

More than 6,000 brain surgeries were done with the

system in 50 centers in the US and Europe.

Conclusion: The low field intraoperative MRI system is a

valuable tool in the modern operating room.

Keywords Compact ioMRI � Image-guided surgery � ioMRI

� Intraoperative magnetic resonance imaging � Low field MRI

� Resection control � Surgical neuronavigation

Introduction

Intraoperative magnetic resonance imaging (ioMRI) was

introduced in 1997 to complement standard neuronavigation

with updated, high resolution MR images during surgery [1]

The first system was a 0.5 T MRI scanner (GE Signa SP)

which weighted 6,000 kg and was installed in a special

room, outside of the operating rooms complex. Our site,

among a few others, had the opportunity to operate the

system. The surgical environment was different from the

standard. Working outside of the operating room complex

was problematic and the cost of the magnet and the building

was high. At the same time a group of MRI physicists and

engineers in Israel developed a small, low field MRI scanner

of 0.12 T, which weighted only 500 kg. The challenge was to

bring this scanner to function in a standard neurosurgery

operating room.

The goals for the clinical design of system were:

• Provide optimal MR imaging for navigation and tumor

resection control.

• Integrated navigation capabilities

• Integration into existing operating rooms, allowing the

use of standard surgical tools and equipment.

• Minimize interference with routine surgical procedures.

• No requirement for structural changes to the building and

low cost of purchase and installation.

• Provide full control by the surgeon including MRI

scanning.

Materials and Methods

The following were the fixed physical parameters of the

PoleStar scanner: Low field magnetic strength (0.15 T in

the PoleStar N20, which followed the original PoleStar

N-10, Odin Medical Technologies Israel and Medtronic

inc USA) The scanner consists of two vertical, parallel,

disk-shaped permanent magnets located 27 cm from each
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other. This is the space for the positioning of the head. The

field-of-view is 20�16 cm. The magnets are affixed to a

U-shaped arm. The arm itself is mounted on a transportable

gantry positioned below the operating table. For scanning

the magnets are raised, by the system computer under tight

manual control, so that the area to be imaged is well centered

between the magnet poles. After scanning, the magnets are

retracted under the OR table providing good access to the

head during surgery.

A special MRI compatible head holder was designed to

accommodate the limited space for the head between the

magnet poles.

The followingMRI sequences were developed: T1-weighted,

T2-weighted, FLAIR and e-steady sequences. Image acquisition

takes from 8 s to 13 min, depending on the selectedMR sequence

and slice thickness. Typically, 7-min T1-weighted images and

4 mm slice thickness are used as preoperative baseline

imaging.

Image series from different scans can be displayed

side by side, facilitating comparison between different

stages of surgery as well as comparison of images acquired

with different sequences, such as T1 and T2 contrasts

(Fig. 1).

The scanner is integrated with a navigation station.

Acquired images are immediately available for navigation.

Patient registration is not required. Navigation on diagnostic

images is also supported.

Results

Due to the low field and the compact size the scanner was

installed in a standard operating room (Fig. 2). The only

modification of the room was the installation of copper

mesh in the walls to eliminate RF noise. Light, power and

anesthesiology gas inlets are filtered to avoid interference

with image acquisition.

When not in use, the scanner is placed in a special cabinet

to allow the room to be used for any surgery. The low

magnetic field of the system is largely confined to the area

between the magnets and decays to 5 G 1.7 m from the

Fig. 1 The compare function shows consecutive T1 weighted axial sections of a patient with a grade II astrocytoma, illustrating occurring brain

shift of 1.5 cm and residual tumor, that was located by intraoperative navigation and resected completely
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magnet’s isocenter. When the scanner is placed below the

level of the OR table, the magnetic field strength in the

operative field is below 50 G, enabling the use of standard

surgical instruments.

All equipment and tools are the standard. This includes

conventional operating tables, microscopes, chairs, ultrasonic

aspirator, standard drill, bipolar stimulator, EEG recorder.

MRI scans are controlled by the surgeon or an assistant at

the navigation workstation (Treon, Medtronic, Inc.)

Navigation is done on the last MRI set. No registration is

needed, the magnet itself, rather than the patient’s head, is

automatically registered, and the accuracy is high [2].

More than 600 adult and pediatric cases were operated

with the PoleStar ioMRI system in our center in Tel Aviv.

Currently about 6,000 operations were done with the system

worldwide.

Clinical applications included craniotomies for intraxial

and extraaxial brain tumors, metastastic tumors, pituitary

tumors, intraventricular lesions, cavernous angiomas, shunt

placements, epilepsy surgery, awake surgeries, stereo tactic

biopsies and cyst aspirations.

Discussion

Following the 10 years experience with ioMRI, there are

currently 90 systems installed worldwide: about 40 high

magnetic field systems (1.5 T and 3 T), 50 low field systems

(0.15 T) and a few 0.3 T systems.

8,000 9,000 surgeries were performed with ioMRI.

The utility of ioMRI is mainly resection control, correc-

tion of brain shift, complication avoidance, and navigation to

small lesions.

The design goals of the PoleStar compact system were

met [3 5]. Its intraoperative images serve as the data for

navigation and for resection control. The image quality of

the low field system is inferior to that of the high field

systems; however, it was found optimal for updating the

navigation data and for the ability to navigate with high

accuracy to small lesions. The PoleStar imaging enables

high quality resection control, which is comparable to post-

operative diagnostic high field imaging (Fig. 3).

All patients’ positions are possible and manipulation of

the operative table enables the surgeon to work in the most

comfortable position.

For the anesthesiologist, [6] using the PoleStar ioMRI

system allows preservation of working conditions that are

similar to a regular operating room. The patient is accessible

to the anesthesiologist at all times during the procedure, and

conventional syringe pumps and warming devices can be

used. It is also possible to perform electrophysiological

monitoring in surgery for epilepsy, and to carry out surgery

under intravenous sedation and intra-operative mapping in

the awake state.

Fig. 2 (a) The PoleStar system in a standard operating room shielded

for RF. On the right the ‘‘cabinet’’ for the magnet when not in use. The

scanner is integrated with the Treon navigation system. (b) Operation
room setup. Only anesthesia equipment is MRI compatible
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In exchange for the ‘‘lower quality’’ imaging the follow-

ing advantages were achieved in the development of the

PoleStar system:

Easy to use in a standard operating room with no need to

change the normal flow of the operative procedure.

Safety, when using the system in a standard operating

room environment.

Keeping the duration of the operation within the usual

timeframe with only minor addition of time, and last but not

least

The compact system is by far less expansive due to the

lower cost of the components of the system and the low cost

of installation in the operation room without the need for

special building.

ioMRI should be part of the modalities used in brain

surgery. It is useful in a subset of operations such as:

pituitary tumor surgery, high and low grade gliomas, for

resection control and complication avoidance, Navigation

and resection of small lesions 1 cm or less such as cavernous

angiomas or small metastatic tumors, drainage of cysts and

abscesses, navigation during facedown procedures.

Conclusions

The development of a low field compact intraoperative MRI

system was custom made to the clinical need.

This low field ioMRI system functions in a normal

operating room modified only for radiofrequency interfer-

ence. The operative environment is normal and standard

instruments are used. Use of the system does not change

the working habits in the OR.

The scanning and navigation capabilities of the system

eliminate the inaccuracies that may result from brain shift.

Image quality enables high quality resection control, which

is comparable to post operative diagnostic high field imaging.

The main indications for the use of ioMRI are: pituitary

tumors, low grade gliomas (awake), high grade gliomas,

intraventricular tumors, accurate navigation to small lesions

such as cavernous angiomas or metastases, drainage of cysts

and brain abscesses.
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Fig. 3 Intraoperative extended resection of a pituitary macro adenoma. Compare mode
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Low Field Intraoperative MRI in Glioma Surgery

Volker Seifert, Thomas Gasser, and Christian Senft

Abstract The extent of resection marks one prognostic fac-

tor for patients with malignant gliomas. Among the methods

used for the intraoperative control of the extent of resec-

tion, intraoperative magnetic resonance imaging (ioMRI)

has become a very attractive method. It was introduced in

the in the final decade of the last century. The first available

system was a low magnetic field strength unit employing

0.5 Tesla (T). While currently high-field systems (1.5 T and

above) are being developed, different low-field ioMRI sys-

tems (0.5 T and below) have been used for brain tumor

resection in far more centers than high-field ioMRI,

corresponding to a greater number of publications. Undoubt-

edly, high-field ioMRI systems offer superior image quality

and faster acquisition times. Yet, low-field ioMRI has influ-

enced intraoperative decision-making and improved brain

tumor resection. With this article, we review the use of

low-field ioMRI in glioma surgery.

Keywords Glioma surgery � Intraoperative MRI � Review

Surgical Treatment of Gliomas

Rickman Godlee performed the first successful resection

of a glioma in 1884 [1]. Since then, numerous reports

have stated beneficial effects of extensive tumor resections

despite a nonetheless deleterious course of the disease. With

the introduction of microneurosurgical techniques and refined

imaging modalities, recent studies could show that a radio-

logically complete resection represents an independent

prognostic factor for patients with malignant gliomas [2 6].

In contrast to e.g. abdominal oncological surgery, brain

tumor resections cannot be performed with a safety margin.

Due to the infiltrative nature of gliomas and the fact that their

margins are frequently difficult to be visualized intraopera-

tively, postoperative imaging studies reveal unintentionally

remaining tumor tissue quite frequently [3, 7]. To improve

the extent of resection, and thus the prognosis for glioma

patients, neurosurgeons have sought to develop different

methods of intraoperative imaging to visualize tumor tissue.

Compared to intraoperative ultrasound or intraoperative

computed tomography, MRI offers superior image quality

without radiation exposure to the patient and/or staff. Mag-

netic resonance imaging has become the gold standard for

the diagnostic and follow-up imaging of gliomas. Intrao-

perative MRI seemed as the method of choice in the resec-

tion control of gliomas, and it was developed for mainly, but

not exclusively, this reason [8 10].

Development of Low-Field ioMRI-Systems

Peter Black and Ferenc Jolesz from the Brigham and

Women’s Hospital in Boston pioneered intraoperative

magnetic resonance imaging in the 1990s. In collaboration

with General Electric Co. they developed the first ioMRI

scanner to be used in a neurosurgical operating room. The

Signa SP employed a magnetic field strength of 0.5 T and was

nicknamed ‘‘double-donut’’ system due to the shape and

appearance of the system it consisted of two magnets with

a vertical gap in which the patient’s head was placed during

surgery. It required major modifications of OR-infrastructure

to meet the demands for low radiofrequency interference as

well as adaptation regarding surgical tools, instruments,

microscopes, etc., which all needed to be MR-compatible

[11, 12]. While the provided images were consistently of
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good quality, one major concern with this system was the

constraint working area of the surgeon, who stood in between

the magnets (Fig. 1). Also, some restrictions applied regarding

patient positioning.

Simultaneosly, Siemens Corp. developed a C-shaped

resistive MRI scanner with a static magnetic field with

strength of 0.2 T (Magnetom Open). In contrast to the

Signa SP which marked the center of the operating theater,

the Magnetom Open was set up at the one end of the opera-

ting room, separated from the surgical area by radiofre-

quency shielding, thus allowing for the use of standard

instrumentarium during surgery. The patient had to be trans-

ferred to the magnet, which featured a 240� opening, allow-
ing for safe placement of the anaesthetized patient’s head

into the scanner’s field of view [13, 14]. However, image

acquisition necessitated transferring the patient from the

operating site to the scanner, which is time-consuming.

While theAIRIS IIMRI scanner (Hitachi Corp.), employing

amagnetic field strength of 0.3 T, was developed primarily as a

conventional diagnostic tool, itwas also employed as an ioMRI

scanner [15, 16]. It is an open MRI unit with two horizontally

oriented magnets with a vertical opening of 17 in. Surgeries

can be performed either in the adjacent operating room, orwith

the patient positioned on the scanner’s table.

The PoleStar by Odin/Medtronic Inc. is one of the most

frequently used low-field systems today with a static mag-

netic field strength of 0.12 (Model N-10) or 0.15 T (Model

N-20), respectively [17, 18]. It was developed to overcome

the necessity of using special, MRI-compatible instruments

and surgical devices, demanded for by other ioMRI systems,

yet avoiding cumbersome patient transfer to the scanner.

The PoleStar was designed as a mobile MRI unit with two

vertical magnets spaced 25 or 27 cm apart, respectively.

During surgery, conventional instruments can be used

while the magnet is parked underneath the operating table

(Fig. 2). The scanner is moved upwards for intraoperative

image acquisition [19, 20].

Image Quality in Low Field MRI

Although there is a span of different magnet designs, field

strengths, and investigational concepts, there are many simi-

larities in the information obtained in order to guide and

Fig. 1 Example of a brain tumor surgery perfomed with the Signa

SP the surgeon stands in between the magnets’ gap using non

ferromagnetic instruments

Fig. 2 Example of a brain tumor

surgery performed with the

PoleStar N 20. (a) Fixation of the

head and application of the

radiofrequency coil (b) Transfer
of the magnet to its position

underneath the operating table

(c) The magnet is moved upwards

for image acquisition (d) The
magnet is lowered and tumor

resection is performed with

standard instruments in a

microsurgical fashion
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monitor neurosurgical procedures. All of the above men-

tioned systems have been successfully used to monitor

craniotomy and extent of resection in patients with gliomas

[15, 17, 19, 21 27].

However, each has its own set of advantages and disad-

vantages, and as ioMRI-technology still evolves, no single

system has gained universal use. Image quality in MRI is

directly linked to the field strength of the magnet and to the

homogeneity and stability of the static and gradient magnet-

ic fields. Undoubtedly, high field, i.e. 1.5 or even 3 T systems

offer an excellent image quality that cannot be reached by

low-field systems. They are, however, very expensive, and

are yet limited to a small number of centers worldwide.

In ioMRI in general, there is a constant trade-off between

signal-to-noise ratio, access to the patient, and usable field of

view. The optimal design of a magnet with regard to homo-

geneity would be a complete sphere without opening, which

is obviously impossible in both conventional ‘‘closed’’ and

intraoperative ‘‘open’’ MRI systems [28]. To overcome this

problem and to achieve an acceptable signal-to-noise ratio in

low field open MRI systems, longer acquisition times are

necessary. While weaker magnets are usually less expensive

and can allow near real-time imaging, they suffer from poorer

image resolution. High-field systems on the other hand are

more expensive and permit only interruptive scanning.

From an image-quality point of view, cylindrical supercon-

ductive systems bear significant advantages relative to static

magnetic field strength and homogeneity [29]. In the Signa SP
scanner, the central segment of a cylindrical system was taken

out, allowing for direct access to the patient in the scanner at

the expense of decreased field strength at the imaging isocenter

compared to 1.5 T. Nonetheless, image quality is still almost

comparable to high field imaging, and sufficient for the

delineation of both, contrast-enhancing and non contrast-

enhancing lesions such as high- and low-grade gliomas [27].

In contrast to this system, e.g. the PoleStar ioMRI system

offers more convenience for the surgeon with a larger work-

ing space, yet its field strength is even lower, and the mag-

net’s field of view is considerably smaller, requiring

accurate patient positioning and rendering a slightly lower

signal-to-noise ratio. Still, the PoleStar provides good quali-

ty visualization of contrast-enhancing tumors and fair quali-

ty for non-enhancing lesions [20, 30]. To our personal

experience, image quality in high-grade gliomas is compa-

rable in both systems, but image quality in low-grade glio-

mas is to some extent better when using the Signa SP [19].

Contrast enhancing gliomas are displayed best on

T1-weighted imaging with application of contrast agent,

while usually higher doses of contrast agent are recom-

mended for optimal lesion-to-white-matter-contrast [31].

Several groups have experienced difficulties with visualiz-

ing the tumor margins on regular T2-weighted imaging in

non-enhancing tumors with different low field MRI units

(fluid attenuated) inversion recovery (FLAIR) sequences

were found to be superior in these cases [12, 30, 32].

Indications for ioMRI

Implementing neuronavigation was a major step towards an

improved visualization of the surgical field. It aids in tailor-

ing craniotomies and localizing subcortical lesions. Yet, the

usefulness of neuronavigation is limited once the tumor

resection has begun. Surgically induced edema, csf loss,

and tumor resection itself lead to anatomical alterations,

the so-called ‘‘brain-shift’’ [33]. Consequently, neuronaviga-

tion, as it is based on preoperative imaging data, is not

reliable in terms of determining residual tumor tissue intrao-

peratively.

Therefore, ioMRI should be superior to neuronavigation

in tumor resection with the aid of frameless neuronavigation:

it enables the surgeon to update anatomical data intraopera-

tively. The intraoperative update of the neuronavigation

system helps to precisely localize and target remaining

tumor tissue [24, 30]. Bergsneider et al. [34] indicated the

superiority of ioMRI versus neuronavigation when they

found that a higher percentage of tumor resection was possi-

ble with low-field strength ioMRI guidance versus neurona-

vigation alone.

Hence, in order to update neuro-anatomical information

intraoperatively, intraoperative imaging techniques such as

MRI or ultrasound are mandatory. In this respect, ultrasono-

graphic imaging is not only more difficult to interpret but

might also impose severe limitations in regards of reliability

of findings, even for experienced surgeons [35 37]. Conse-

quently, intraoperative imaging in glioma surgery is the

domain of MRI, allowing even for the incorporation of

preoperatively acquired high-resolution datasets. As out-

lined above, image quality issues might restrict the reliabili-

ty of ioMRI in non-contrast enhancing gliomas. Yet, no such

limitations apply to ioMRI-guidance in enhancing lesions

amenable to surgical resection.

Influence of ioMRI on the Course of Surgery

While intraoperative magnetic resonance imaging has evol-

ved as a new technology in neurosurgery from the 1990s,

first reports dealing with ioMRI systems focused primarily

on the feasibility of their use. Until today, more than 800

glioma patients have reportedly undergone surgical resec-

tion with the aid of any low field strength ioMRI. With the

increasing experience of applying these methods in the neu-

rosurgical routine and the knowledge of their safety, the
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influence of ioMRI on the surgical routine and clinical

benefit of the patients has become more important.

In both, high- and low-grade glioma cases, all investiga-

tors who reported on the influence of intraoperative low field

MRI on the course of surgery stated that intraoperative

scanning had revealed residual tumor tissue in a significant

number of cases. The percentage of patients with an extend-

ed resection after depiction of residual tumor-tissue on

intraoperative images is reported to range between 14 and

75% (Table 1) [14, 15, 24, 30, 38 40]. Correspondingly, in

high-grade glioma cases the respective figures are 10 71%

(Table 2) [14, 15, 22, 24, 30, 40 42]. As a consequence, the

rates of complete resection have increased by usually greater

than 20% [43]. Evidently, the use of low field ioMRI has had

a major influence on the course of surgery in a large number

of patients.

Influence of ioMRI on Patient Outcome

In studies addressing postoperative morbidity, complication

rates lay between 5 and 18% directly postoperatively in all

but one series [15, 21, 27, 30, 32, 42, 44, 45], where an early

complication rate of 53% in a group of 13 patients was

observed [34]. Permanent deficits occurred in constantly

less than 10% of the patients, which is comparable to the

complication rates in conventional glioma surgery. In our

own series of patients, an extended resection after ioMRI

scans had revealed residual tumor did not correlate with

postoperative morbidity [30]. To prevent patient injury and

neurological deterioration due to overly aggressive resec-

tion, the use of ioMRI can also be combined with intrao-

perative monitoring techniques, such as motor or sensory

evoked potentials during surgery, even when applied in the

fringe field [46]. As a result, there are no obstacles to

conclude that, after careful patient selection, surgical resec-

tion of gliomas can be increased to a maximum extent with

acceptable risks for the patients, given the proven benefit of

maximum resection.

Yet, only few studies have aimed to evaluate the influence

of intraoperative low field MRI on the clinical course of

glioma patients so far. As mentioned earlier, most studies

have focused on the feasibility, safety, and influence on the

course of surgery in the application of ioMRI in glioma

surgery. In a large series of low-grade glioma patients,

Claus et al. [2] found a trend towards prolonged survival of

patients who had undergone total vs. subtotal resection in an

ioMRI-environment. Similar findings were reported by Tran-

takis et al. [47] in patients with high-grade gliomas. Using two

different low field systems, Wirtz et al. [40] and Schneider

et al. [42] independently reported statistically significant

prolonged survival times for high-grade glioma patients who

Table 2 Studies reporting the use of low field intraoperative MRI in

high grade gliomas with a minimum of ten patients

Author Year System used No. of

patients

Increased

resection due to

intraoperative

imaging

Tronnier et al. 1997 Magnetom

Open

10 n.r.

Black et al. 1999 Signa SP 19 n.r.

Knauth et al. 1999 Magnetom

Open

41 41%

Seifert et al. 1999 Signa SP 12 n.r.

Wirtz et al. 2000 Magnetom

Open

68 63%

Zimmermann

et al.

2000 Signa SP 16 n.r.

Bohinski et al. 2001 AIRIS II 30 56%

Zimmermann

et al.

2001 Signa SP 14 n.r.

Nimsky et al. 2002 Magnetom

Open

48 10%

Trantakis et al. 2003 Signa SP 68 n.r.

Nimsky et al. 2003 Magnetom

Open

54 13%

Schulder et al. 2003 PoleStar N 10 25 n.r.

Bergsneider et al. 2005 Magnetom

Open

10 n.r.

Hirschberg et al. 2005 Signa SP 32 52%

Schneider et al. 2005 Signa SP 31 71%

Senft et al. 2008 PoleStar N 20 42a 28%

Abbreviations: n.r. not reported
aContrast enhancing gliomas

Table 1 Studies reporting the use of low field intraoperative MRI in

low grade gliomas with a minimum of ten patients

Author Year System used No. of

patients

Increased

resection due to

intraoperative

imaging

Black et al. 1999 Signa SP 29 n.r.

Seifert et al. 1999 Signa SP 13 n.r.

Wirtz et al. 2000 Magnetom

Open

29 45%

Zimmermann

et al.

2000 Signa SP 16 n.r.

Bohinski et al. 2001 AIRIS II 10 40%

Zimmermann

et al.

2001 Signa SP 11 n.r.

Buchfelder et al. 2002 Magnetom

Open

11 14%

Nimsky et al. 2002 Magnetom

Open

47 38%

Nimsky et al. 2003 Magnetom

Open

52 40%

Schulder et al. 2003 PoleStar N 10 12 n.r.

Claus et al. 2005 Signa SP 156 n.r.

Nimsky et al. 2005 Magnetom

Open

61 29%

Senft et al. 2008 PoleStar N 20 21a 47%

Abbreviations: n.r. not reported
aNon enhancing gliomas
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had undergone total vs. subtotal tumor resection with the aid

of ioMRI. These results add to the growing evidence that ext-

ent of resection translates into prolonged survival in glioma

patients [4]. However, all theses studies did not compare

patients treated under ioMRI-guidance with a control group

of patients. Hirschberg et al. [41] presented the only matched

group-analysis in a series of glioblastoma patients under-

going intraoperative low-field ioMRI-guided vs. standard

microsurgery and found a trend in favor of ioMRI, but no

statistically significant differences in overall survival between

the groups. Therefore, the true benefit of ioMRI has not yet

been proven, in contrast to other means of intraoperative

resection control, e.g. administration of fluorescent porphyr-

ins [5, 6]. Such studies are utterly needed today.

Comparison with High Field Systems

Even though the superiority of high field ioMRI systems

over low field ioMRI systems seems obvious in terms of

image resolution and quality, only few reports have specifi-

cally addressed this issue. While Nimsky et al. [39] de-

scribed a clearly better image quality and a smoother

workflow with a high field system, the rates of extended

resection were comparable between the low and high field

system, and Bergsneider et al. [34] found no difference in the

extent of resection when comparing a low field vs. a high

field ioMRI. High field systems might offer faster acquisi-

tion times and might allow for a greater variety of imaging

sequences, but, as outlined before, low field systems, too,

can provide the surgeon with reliable information about the

extent of resection. To our own experience, this is definitely

true at least for contrast enhancing, high-grade tumors. In

non-enhancing, low-grade tumors, high field systems surely

present an improved spatial resolution.

The question whether high and low field ioMRI differ in

terms of patient benefit or clinical outcome remains none-

theless unanswered. This is a crucial concern, however,

especially when looking at the setup and installation costs

of the different available ioMRI systems. One distinct ad-

vantage of low field ioMRI systems over high field ones

certainly is the possibility to perform intraoperative electro-

physiological monitoring of eloquent function employing

sensory or motor evoked potential with the patient being in

the fringe field of the magnet without disturbances [46].

The Future of ioMRI in Glioma Surgery

Advances in technology have increasingly improved the pre-

cision of intracranial surgery, and ioMRI is the latest devel-

opment in this field. The potential impact on the management

of patients with brain tumors is obvious. The use of low field

MRI scanners in glioma surgery is safe, reliable and most

useful in assessing the extent of resection of intrinsic, infil-

trating brain tumors whose boundaries cannot be clearly

distinguished with the surgeon’s eyes. While several retro-

spective analyses have documented the benefit of imple-

menting ioMRI into the neurosurgical routine in glioma

surgery by means of increasing the extent of resection,

prospective randomized studies are still lacking that might

prove the benefit of ioMRI compared to the standard micro-

neurosurgical resection of brain tumors. Further, use of

ioMRI itself has not been proven to prolong survival in

patients with glial tumors. Although beneficial effects are

suggested by previous studies, there is no high-class evi-

dence to promote the use of ioMRI today, and pursuant

studies are needed.

One clear advantage over the administration of fluores-

cent porphyrins to visualize tumor tissue intraoperatively is

the usability of ioMRI also in low-grade gliomas on the one

hand, and the implementation of functional anatomical data

on the other. In the future, not only pre-operative functional

MRI datasets might be incorporated into neuronavigation,

but also intraoperative diffusion weighted imaging to depict

white matter tracts seems feasible in both, high field and low

field ioMRI systems [48 50].

Conclusions

For obvious reasons, glioma patients will not be cured by

neurosurgical intervention. Additional treatment modalities

are and will remain mandatory to prolong survival and to

maintain quality of life for these patients. However, maxi-

mum tumor resection without induction of disabling neuro-

logical deficits appears to be one of the strongest predictive

factors. Therefore, the neurosurgeon’s abilities and the

advances of modern aides such as ioMRI will certainly trans-

late into benefit for our patients. In this respect, upcoming

studies will yet have to demonstrate the true value of ioMRI.
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Intraoperative MRI (ioMRI) in the Setting of Awake
Craniotomies for Supratentorial Glioma Resection

Pierpaolo Peruzzi, Erika Puente, Sergio Bergese, and E. Antonio Chiocca

Abstract Both awake craniotomy under conscious sedation

and use of intraoperative MRI can increase the efficiency

and safety of glioma resections. In contrast to craniotomies

under general anesthesia, neurosurgery under conscious

sedation requires several changes to the routine operative

setup when performed in the ioMRI environment. This work

reports our experience with awake craniotomies under con-

scious sedation using ioMRI.

Seven patients underwent awake-craniotomies for resec-

tion of supratentorial gliomas using ioMRI at the Ohio State

University Medical Center and James Cancer Hospital by a

single surgeon.

ioMRI can be safely employed in patients who are under-

going craniotomies under conscious sedation. Particularly

important is the evaluation by the anesthesiologist whether

the patient is a good candidate to sustain a likely longer than

average procedure in a setting where his active cooperation

is not only required, but also the essential aspect of this

procedure.

Keywords Conscious sedation � Craniotomy � Glioma �
Intraoperative MRI

Abbreviation

ioMRI intraoperative Magnetic Resonance Imaging

After its initial introduction in 1994 at Brigham and

Women’s Hospital in Boston, intraoperative MRI (ioMRI)

is being increasingly accepted as an adjunct in the surgical

treatment of cerebral gliomas [1 3]. One of the rationales for

its implementation in neuro-oncologic surgery derives from

increasing evidence that extent of tumor resection correlates

positively with survival [4 7]. Consequently, the ability to

determine in the operating room if and how much tumor has

been left behind, allows the surgeon to decide whether to

abstain from or continue with further resection.

Moreover, recent publications have discussed the ability

of this technology to aid in neuronavigation and reduce the

error associated with intraoperative brain shift [8 10].

Data are scarce on the use of ioMRI in the subpopulation

of patients harboring lesions located in eloquent areas that

undergo surgery under conscious sedation. In comparison to

craniotomies under general anesthesia, some may view the

management of the awake patient during the scanning pro-

cedure as challenging. For some ioMRI solutions, such

as the PoleStar (Medtronic, Inc., Minneapolis, MN), the

patients is inside a Faraday copper-wire tent during the

scan and thus visibility of the patient under conscious seda-

tion is curtailed. Even with high-strength ioMRIs, the

patient’s face is hidden from view and thus lack of its

visibility could be an issue in ensuring that adequate venti-

lation and patient comfort are not being affected.

We thus analyzed retrospectively whether we could

perform ioMRI in patients undergoing surgical resections

of gliomas under conscious sedation (CS). Over a total of

40 patients who underwent craniotomy under CS for resec-

tion of supratentorial gliomas we identified 7 cases (17%)

where ioMRI was performed. The time frame of the analy-

sis was from January 2005 to June 2009 and all cases were

performed at the Ohio State University Medical Center and

James Cancer Hospital by a single surgeon (EAC).

Here we describe three such cases with the aim of

providing practical insights on the use of ioMRI in the

consciously sedated patient undergoing glioma resections

in eloquent areas.
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Case Reports

Case 1

This 40-year old right-handed male, in otherwise good

health, presented to the emergency room (ER) with the first

time occurrence of a generalized tonic-clonic (GTC) seizure.

Brain Magnetic Resonance Imaging (MRI) showed a non

enhancing right frontal lesion in proximity to the primary

motor area. His neurologic exam, upon resolution of the ictal

period, was unremarkable. The imaging features suggested a

low grade glioma, primarily confined within gyri in the

premotor strip and it was thus decided to try and attempt a

radical resection under CS.

After conscious sedation was obtained with diprivan and

dexmedetomidine in the operating room, a baseline ioMRI

scan was obtained (Fig. 1, Ia). Thereafter, a right frontal

craniotomy was performed and once the brain was exposed,

cortical stimulation was used to localize motor cortex. As

expected from the preoperative MRI, the motor cortex was

localized in the gyrus posterior to the one that contained the

lesion. Tumor debulking proceeded uneventfully testing the

patient in the performance of requested motor and speech

tasks. When the operating surgeon estimated that gross total

resection of the tumor had occurred, another ioMRI was

obtained. Additional diprivan was administered to sedate

the patient and then the copper-wired tent (Starshield, Med-

tronic, Inc.) was placed on top and around the patient. After

scanning for a period of approximately 16 min (T2 axial and

FLAIR axial, 7 and 9 min each), the ioMRI suggested a gross

total resection (Fig. 1, Ib) and no further removal was pur-

sued. Importantly, the scanning process was well tolerated

by the patient and no technical difficulties were encountered.

Postoperatively the patient had a slight decrease in

strength in his left upper extremity, in the order of 5-/5

(Medical Research Council, MRC scale). However, this

did not impair his functional status. A postoperative MRI

performed within 24 h after surgery confirmed gross total

resection of the tumor (Fig. 1, Ic Id). The patient was dis-

charged to home in stable conditions on postoperative

Fig. 1 Upper row: T2 weighted ioMR imaging obtained prior to tumor resection shows hyperintense signal in the right frontal lobe (Ia). Repeated

scan after resection shows surgical cavity and removal of lesion (Ib), as confirmed by postoperative MRI, respectively axial FLAIR (Ic) and

coronal T1 weighted with contrast (Id).Middle row: pre resection ioMRI shows a large left frontal lesion hyperintense in T2 weighted sequences

(IIa). Follow up intraoperative scan shows residual tumor as a hyperintense area in the posteromedial part of the surgical cavity (IIb) which was

thereafter addressed. Postoperative axial (IIc) and coronal (IId) T1 weighted images with constrast show gross total tumor resection. Lower row:
Preoperative MRI is significant for a large left frontotemporal lesion (IIIa) with areas of contrast enhancement (IIIb). Postoperative imaging shows

large surgical cavity without evidence of residual tumor (IIIc IIId). In this case ioMRI was not obtained because of technical difficulties
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day 4 with a diagnosis of WHO grade 2 oligodendroglioma,

for which he subsequently received chemotherapy with temozo-

lomide, and is currently neurologically stable 18 months after

surgery without clinical or radiological evidence of tumor

progression.

Case 2

This 44-year old right-handed female with a history of a

left frontal WHO grade 2 oligoastrocytoma, partially resected

8 and 4 years prior to the current admission, was referred to

our institution with increased frequency of seizure activity,

manifesting as a right sided jacksonian progression, mainly

involving her lower extremity. Her most recent brain MRI

was consistent with tumor recurrence at the site of her left

motor area and suggestive of likely malignant progression.

Since it was felt that histological analysis would be necessary

to guide further treatment and to improve seizure control, a

re-resection of her recurrent lesion was attempted.

Once in the operating room, conscious sedation was

induced using diprivan and dexmedetomidine and then a

baseline ioMRI was obtained inside the copper-wire tent

(Fig. 1, IIa). Cortical mapping for speech and motor cortex

was performed with an Ojemann stimulator. During the

surgical resection of the tumor, the patient was also periodi-

cally asked to move her right side and to talk with a speech

pathologist present in the room. Once the lesion was judged

to have been removed in a gross total fashion, a second

ioMRI was obtained. This showed some residual tumor in

the most medial part of the hemisphere, along the falx

(Fig. 1, IIb). Further resection was then performed until the

tumor was judged to have been resected in a gross total

fashion.

In this second phase of the resection, the patient did not

show intraoperative signs of neurological impairment. She

was able to tolerate ioMRI well and no technical difficulties

ensued. Postoperative MRI corroborated the preliminary

findings of the gross total resection (Fig. 1, IIc IId); Histo-

logic evaluation upgraded her tumor to oligoastrocytoma

with isolated areas of anaplastic progression.

Postoperatively, however, her neurological status was

overall worsened as compared to her preoperative function,

with new severe right sided weakness and impairment of fine

motor skills most consistent with a supplementary motor

area (SMA) syndrome. Eventually she needed 2 weeks of

inpatient rehabilitation before being able to be discharged to

home and to date, 6 months after surgery, she has recovered

most of her motor functions and functional independence,

seizure activity has been well controlled since surgery and

she is still tumor free.

Case 3

This 18-year old left-handed male was referred to our clinics

to be evaluated for a newly discovered FLAIR-hyperintense

abnormality involving his right insular region (Fig. 1, IIIa),

highly suspiscious for a low grade glioma. Apart from head-

aches he was neurologically asymptomatic. Surgical removal

of the lesion was recommended both for diagnostic and prog-

nostic purposes, and craniotomy under conscious sedation

was planned in order to minimize surgical morbidity. Once

in the operating room, after sedation was achieved, an initial

ioMRI was obtained for baseline (Fig. 1, IIIb). The initial part

of the craniotomy was uneventful, but when the patient was

allowed to regain consciousness in order to proceed with the

cortical mapping and tumor removal, he became progressive-

ly agitated and restless, to the point that induction of general

anesthesiawas necessary. Itwas decided, however, to continue

with resection and the tumor was debulked until no clear

neoplastic tissue was evident under the microscope. However,

a frozen section of the cavity margin showed presence of

scattered atypical cells dispersed within normal white matter.

At this point an ioMRI was obtained, showing residual T2

hyperintensity in the more medial aspect of the tumor (Fig. 1,

IIIc). Further resection was then attempted, but shortly there-

after perforating vessels feeding the basal ganglia were

encountered and we desisted from further resection. Posto-

peratively, his neurological status remained intact. MR imag-

ing showed a subtotal resection of the tumor mass, confirming

the persistence of the medial and posterior portion of the

lesion (Fig. 1, IIId). The patient was discharged to home

2 days after surgery with a final diagnosis of low grade

astrocytoma.

Discussion

In the past few decades, improvements in the treatment

of many neurological diseases have been tied to technologi-

cal advances. Specifically, for the treatment of gliomas the

introduction of intraoperative MRI, together with the use of

stereotactic navigation, can be useful adjuncts to achieve the

therapeutic goal of gross total resection. In fact, the extent of

tumor removal appears to influence disease progression with

numerous reports showing that the incidence of tumor recur-

rence and malignant transformation of low grade gliomas are

significantly reduced [7, 8, 11, 12], while extended survival

is achieved for higher grade lesions [5, 6]. In 40 70% of

patients, the adjunct of ioMRI has been reported to lead to

discovery of residual tumor [2, 13 15], with a greater than

20% increase in cases of total tumor resection [13, 16 18].

This advantage seems to be more prominent for low grade
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gliomas compared to high grade gliomas which often have

signs of necrosis or grossly abnormal appearance [16, 18].

The predictive value of ioMRI for reliable detection of

tumor residues has been validated even with the low-field

strength units. Hirschl et al. have recently shown a 82%

concordance between intraoperative and post-operative

imaging; more importantly, they reported ‘‘false positive’’

results, i.e. residual tumor detected by intraoperative images

while not identified in postoperative standard MR images,

only in 1% of cases [10]. The question remains whether

ioMRi should be applied to all craniotomies for glioma

resection or if it should be dedicated only to selected cases.

In our experience, we reserve ioMRI use for low grade

tumors since its more normal appearance can escape intrao-

perative detection.

With lesions involving eloquent areas, ioMRI can also be

performed with patients undergoing ‘‘awake’’ craniotomies.

Little data is available in the literature reporting results of

the combination of the two procedures. In their description

of a series of 25 patients who underwent ioMRI for resection

of low grade gliomas, Martin et al. included at least five

patients (the exact number is not specified by the authors)

who, in addition to intraoperative imaging were operated

under conscious sedation because of the location of their

lesions. In these five patients, despite the evidence of tumor

remnant at ioMRI, total resection could not be achieved

because of the onset of changes in neurological functions,

and four experienced mild transient deficits in the immediate

postoperative period, while the other one suffered a

permanent left-sided paresis [7].

Another such case is reported by Tan and Leong, where

a middle aged woman was diagnosed with a low grade

glioma which was completely resected without major

complications. The authors, though, stress the fact that the

procedure was unduly lengthy because of the multiple

intraoperative scans, leading to patient exhaustion during

the procedure [19].

Awake craniotomies in the context of ioMRI were

reported in 38 cases performed from 2005 to 2008 at the

university of Kiel, Germany, where the authors mainly

stressed the ‘‘emotional’’ aspect of the procedure, conclud-

ing that, despite being physically and psychologically

demanding for the patients, it was overall well tolerated,

leading them to adopt a standard approach by which all

awake craniotomies for gliomas in their institution are per-

formed with ioMRI implementation [20].

The role of the anesthesiologist is crucial both preopera-

tively, when it comes to determine if each single patient is a

suitable candidate, medically and emotionally, for this

stressful procedure, and, intraoperatively, with regards of

maintaining an appropriate level of anesthesia and analgesia

compatible with the need of the neurosurgeon to have the

patient able to talk and to follow commands.

The main challenge for the anesthesiologist in awake

craniotomy procedures is to provide adequate sedation and

analgesia during the different stages of the procedure [21,

22]. The primary goal is to keep the patient awake and alert

during brain mapping, allowing for full cooperation, while

providing sufficient, safe and effective analgesia and guar-

anteeing comfort to the patient. It is paramount that the

anesthesiologist evaluate patients who may benefit from

this procedure thoroughly, since some patients may not be

ideal candidates to undergo awake procedures. During this

phase, the assessment of the patients’ level of comfort and

cooperation with the described procedure is made. Also,

possible contraindications to the procedure, like esophageal

reflux, obesity and large vascular tumors are ruled out.

Patients should be counseled before the surgery and optimally

have the opportunity to interact with other patients that have

gone through this procedure. We have observed that some-

times the awake technique in patients of younger age, like

the one reported in our Case 3, and generally those with

higher sympathetic tone is not successful. In our case, several

attempts where made to adjust the anesthetic regimen, such

as, increasing the level of a-2 agonists (dexedetomidine) and

decreasing GABA receptor agonist drugs (like propofol or

midazolam) with the intention of obtaining a higher degree

of cooperation. However, in this patient, the fine balance

between an adequate level of sedation and good cooperation

was lost, and that resulted in oversedation with resultant loss

of a meaningful cooperation. In general, when such situa-

tions happen, after discussing with the surgeons, it usually

becomes necessary to convert to conventional general anes-

thesia techniques to achieve proper anesthesia levels.

The most popular techniques that are utilized are based on

a combination of general anesthesia and an awake technique,

better known as ‘‘asleep awake asleep’’ technique (AAA).

This technique places patients’ under general anesthesia

before and after brain mapping. Therefore, it consists of an

initial phase of general anesthesia, followed by an intrao-

perative awakening phase and finally, back to general anes-

thesia [23, 24]. The recent introduction of dexmedetomidine,

a highly selective a2-agonist, with dose-dependent sedative,

anxyolitic, and analgesic effects has provided an alternative

to sedation that decreases respiratory suppression and

reduces opioid administration. Dexmedetomidine allows

minimal sedation, resulting in an awake and cooperative

state that enables patient’s to feel the effect of sedation and

at the same time respond to cognitive tests, necessary to

assess specific functions that may be impaired during

tumor resection. The addition of ioMRI to awake craniotomy

increases the complexity of the whole procedure for several
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aspects. The space constriction and the noise which the

patient is subjected to during the scanning phase may not

be well tolerated and may require anesthesia adjustments,

increasing the Awake-Asleep phases needed throughout the

case. Moreover, during the time the patient is inside of the

Faraday cage, within the bore of the scanner, he will not be

under the direct supervision or visibility of the anesthesiolo-

gist for the duration of the scan. During this period, it is

essential to provide continuous ventilatory support, provide

special attention to IV lines, drugs or contrast media infu-

sions and inhalation anesthetics, and constantly supervise

monitoring devices, in compliance with the American Soci-

ety of Anesthesiologists (ASA) guidelines.

Due to the difficulties in monitoring and limited access to

the patient, while in the cage, complications should be

expected such as, inadequate or excessive sedation, pain,

nausea or vomiting; airway management difficulties or

obstruction, decrease in oxygen saturation, below 90%,

hypoventilation, below 8 bpm, hemodynamic instability

and new neurological symptoms and signs [13].

No statistically relevant data can be inferred from our

experience of using ioMRI in the setting of awake cranio-

tomies. However, we believe that our case series is repre-

sentative of some of the most common situations

encountered in the operating room and give us the opportu-

nity to discuss our approach to this complex operative

setting. Case 1 describes a situation where the ioMRI is

mainly used as a confirmatory test of gross total resection.

In our experience, the decision to use ioMRI is usually made

‘‘a priori’’, particularly in an awake case, since we believe

that the approach of ‘‘scanning everybody whenever possi-

ble’’, like other authors suggest [20, 25], is not necessary.

Instead, the decision of performing ioMRI should be dictated

by different variables, like tumor location, radiological

aspect, size, and surgical accessibility to the tumor. Case 2

portrays a situation where ioMRI proved valuable in deter-

mining surgeon’s decision to carry on with tumor resection,

eventually helping to achieve a gross total resection. This is

the situation where a fine balance between extent of resec-

tion and preservation of neurological function has to be

maintained. Our patient did experience some postoperative

deficits despite a substantially uneventful procedure, as it

has been described multiple times in the setting of awake

craniotomies and most commonly secondary to postopera-

tive brain swelling or postoperative regional ischemia [26]

but these resolved on postoperative followup.

Lastly, our case 3 reminds how a balance between proper

sedation and ability to raise consciousness needs to be

achieved or else patients will suffer undue agitation, partic-

ularly as they awaken, leading to inability to implement the

preoperative plan of action.

Conclusion

ioMRI can be safely employed in patients who are under-

going craniotomies under conscious sedation. Particularly

important, in this setting, is the evaluation by the anesthesi-

ologist whether the patient is a good candidate to sustain a

likely longer than average procedure in a setting where his

active cooperation is not only required, but also the essential

aspect of this procedure.
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Glioma Extent of Resection and Ultra-Low-Field ioMRI: Interim
Analysis of a Prospective Randomized Trial

Christian Senft, Andrea Bink, Michael Heckelmann, Thomas Gasser, and Volker Seifert

Abstract Aiming at providing high-class evidence regarding

the use of intraoperative MRI (ioMRI), we are conducting a

prospective randomized controlled trial. Adult patients with

contrast enhancing lesions suspicious of malignant gliomas

scheduled to undergo radiologically complete tumor resection

are eligible to enter this trial. After giving their informed

consent, patients are randomized to undergo either ioMRI-

guided or conventional microneurosurgical tumor resection.

To assess the extent of resection, pre- and early postoperative

high-field MR images are obtained to perform volumetric

analyses. Primary endpoint of the study is the rate of radiolog-

ically complete tumor resections. After the inclusion of 35

patients, we performed an interim analysis. In six patients,

histopathological examination revealed metastases, so they

were excluded from further analyses. Thus, data from 29

patients with gliomas could be analyzed. There were no sig-

nificant differences in patient age (P = 0.28) or preoperative

tumor sizes (P = 0.40) between the two treatment groups. We

observed a trend towards a higher rate of complete tumor

resections in the ioMRI-group compared to the control group

(P = 0.07). Postoperative tumor volumes were significantly

lower in the ioMRI-group than in the control group (P < 0.05).

The use of ioMRI appears to be associated with a higher rate

of radiographically complete as well as near total tumor resec-

tions compared to conventional microneurosurgery.

Keywords Extent of resection � Glioma surgery � Intraopera-
tive MRI � PoleStar

Introduction

Intraoperative magnetic resonance imaging (ioMRI) has

been used as a surgical adjunct in the resection of brain

tumors for more than a decade [1]. Many groups reported

that ioMRI-guidance is beneficial in detecting unintention-

ally remaining tumor tissue intraoperatively leading to ex-

tended tumor resections, irrespective of the field strength of

the magnet [2 7]. Some studies have even demonstrated

benefits in terms of survival when looking at the extent of

resection as a prognostic factor [8, 9].

But these reports mainly represent retrospective cohort

analyses, and only Hirschberg et al. [10] performed a

matched-group analysis in an attempt to show superiority

of ioMRI-guidance compared to conventional microneuro-

surgery. Using a low field strength system (Signa SP, 0.5 T)

this study could not show differences between the ioMRI and

the control group. An explanation for this result is the fact

that the extent of tumor resections was comparable in both

groups. This was unsurprisingly so, as one would expect the

extent of resection to be the prognostic factor, and ioMRI

might just be able to influence the extent of resection. There-

fore, prospective randomized trials are mandatory to deter-

mine beneficial effects of ioMRI-guided brain tumor surgery.

Here, on the occasion of the second Meeting of the

Intraoperative Imaging Society, we present the results of

an interim analysis of such a trial. To our knowledge, no

other such study has been conducted so far.

Material and Methods

Patients

Adult patients with contrast enhancing lesions onT1-weighted

MRI suspicious of malignant gliomas who are scheduled

to undergo radiologically complete tumor resections are
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eligible to enter this trial. Also, patients with known gliomas

and contrast enhancing lesions suspicious of tumor recur-

rence may be included. Patients in which the tumor is located

close to eloquent structures, e.g. motor cortex, corticospinal

tract, basal ganglia, Broca’s or Wernicke’s area, in a way

that the surgical goal would be a near total or partial resec-

tion to spare these structures are not included. The study is

conducted at the Johann Wolfgang Goethe-University,

Frankfurt am Main/Germany, in adherence to the guidelines

of the International Conference on Harmonisation Good

Clinical Practice. This study was approved by the local ethics

committee.

Treatment

After having given written informed consent, patients are

randomized to undergo either ioMRI-guided or conventional

microneurosurgical resection. Intraoperative MRI-guided

neurosurgery implies the use of a mobile intraoperative

ultra-low field ioMRI system (PoleStar-N 20, Odin Medical

Technologies, Yokneam, Israel/Medtronic, Louisville, CO,

USA). The system can be used for intraoperative image

acquisition for neuronavigation with its integrated software

(StealthStation, Medtronic, Louisville, CO, USA) as well

as intraoperative resection control as described previously

[7, 11]. All intraoperative imaging is conducted and evalu-

ated by neurosurgeons. Conventional microneurosurgical

resection implies the use of all standard neurosurgical instru-

ments and techniques, e.g. the use of an ultrasonic aspirator

as well as a neuronavigation system. Two neuronavigation

systems are available at our department (StealthStation and

VectorVision, BrainLAB, Heimstetten, Germany). Tools

that are capable to detect or visualize tumor tissue intrao-

peratively, e.g. intraoperative ultrasound or fluorescence-

guided surgery as described by Stummer et al. [12] are not

allowed to be used in either group. Following surgery, the

resected tissue is sent for independent histopathological

analysis. Postsurgical treatment is conducted according to

standard protocols and clinical guidelines, depending on

tumor histology, previous treatment and patient preferences.

All patients are regularly followed up with clinical and MRI

examinations every 3 months.

Study Endpoints

The primary endpoint of this study is the number of patients

without contrast enhancing tumor as determined by high

field MRI. Secondary endpoints are the volume of residual

tumor on postoperative MRI, duration of surgery and patient

positioning, overall survival, and neurological deficits. All

patients undergo high field MRI within 7 days prior to

surgery as well as within 72 h after surgery. One experienced

neuroradiologist (A.B.) who is blinded for the surgical treat-

ment of the patients performs the analysis of high field

MRI. Volumetric analyses are performed for both, pre- and

postoperative imaging studies. As done previously [12],

residual tumor is defined as contrast-enhancement with a

volume >0.175 cm3 on postoperative MRI.

Statistics

Statistical analyses were performed using commercially

available software (BiAS for Windows 9.01, epsilon Verlag,

Frankfurt/Germany). Nominal dichotomized data were com-

pared with Fisher’s exact test (number of complete resec-

tions, patient sex). After testing for Gaussian distribution

using Kolmogorov-Smirnov’s test, Student’s T-tests were

applied to compare patients’ age and the duration of sur-

geries. If a Gaussian distribution could not be confirmed,

Wilcoxon-Mann-Whitney-U-tests were used to test for dif-

ferences in pre- and postoperative tumor volumes as well as

the duration of patient positioning. P values lower than 0.05

were considered statistically significant.

Results

Patient Demographics

Between October 2007 and March 2009, a total of 35

Patients entered the study. 18 patients were randomized to

undergo ioMRI-guided surgery (ioMRI-group), 17 were ran-

domized to undergo conventional microsurgical tumor re-

section (control group). Histopathology revealed metastasis

in six patients (three in each group) who were excluded from

further analysis. With 17 male and 12 female patients over-

all, there was no sex imbalance between the groups (ioMRI-

group: nine males, six females; control group: seven males,

six females; P = 1.00). Mean age was 56.2 years (range:

35 84 years). There were no age differences between the

ioMRI-group and the control group (mean: 53.9 vs. 58.6

years, respectively; P = 0.28). All patients were in good

clinical condition with a median preoperative KPS score of

90 (range: 60 100). There were no differences between the

ioMRI- and the control group (median KPS score 90 in both,

P = 0.40). Preoperative tumor volumes were not statistically

different between the groups (P = 0.40, Fig. 1).
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Extent of Resection

In the ioMRI-group, complete tumor resection was achieved

in 93.3% of the cases, while intraoperative imaging had led

to extended tumor resection in 4 out of 15 patients (26.7%).

In the control group, complete tumor resection was achieved

64.3% of the cases. This difference did not quite reach statisti-

cal significance (P = 0.0695, Table 1). Median postoperative

tumor volumes were 0.0 cm3 in the ioMRI group and

0.065 cm3 in the control group. This difference was statisti-

cally significant (P = 0.046, Fig. 2).

Time Consumption

As for the special requirements of positioning the patient

within the scanner and its field of view, patient positioning

took slightly longer in the ioMRI-group than in the control

group. The median positioning times were 25.0 and

12.0 min, respectively. This difference did not reach statisti-

cal significance (P = 0.122). Similarly, the duration of the

surgical procedure itself as measured from skin incision to

wound closure was longer in the ioMRI-group (mean:

248 min) than in the control group (mean: 232 min).

Again, this difference did not reach statistical significance

(P = 0.569).

Discussion

Previously, a number of retrospective cohort series have

indicated that ioMRI-guidance influences intraoperative de-

cision-making by frequently revealing remaining tumor tis-

sue [2, 7, 13]. The intraoperative image acquisition along

with continued tumor resection has led to lower tumor

volumes [4, 14]. Yet, it can be argued that not all imaging

sequences are performed when the surgeon believed to have

resected the intended amount of tumor. Such an objection

might fall short, as the possibility to update the neuronaviga-

tion system at any stage during the surgery might improve

the safety of brain tumor surgery [15]. On the other hand, we

need scientific evidence to not only claim benefits of intrao-

perative image-guidance by means of ioMRI but to justify

the use of such expensive technology [16]. With that goal in

mind, we are conducting the first randomized controlled trial

comparing ioMRI-guided resection to conventional micro-

surgical resection in glioma surgery.

Our interim analysis with a yet small number of patients

indicates such beneficial effects. The study population was

Fig. 1 Box Whisker plot showing preoperative tumor volumes for both groups

Table 1 Comparison of the number of patients in which complete

resections were achieved

Complete resection (no.) Incomplete resection (no.)

ioMRI group 14 1

Control group 9 5
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homogenous, patient age and preoperative tumor size were

distributed evenly between the two groups. Apparently

due to small sample size, we could not yet see a statistically

significant benefit of ioMRI-guidance over conventional

microsurgery in terms of complete tumor resection. There

is however, a clear trend towards a superiority of ioMRI-

guidance. Accordingly, the postoperative tumor volumes as

determined by high-field MRI were lower in patients treated

with ioMRI-guidance. This advantage of ioMRI seems to be

at the cost of longer patient positioning and a somewhat

longer duration of surgery, even if not reaching statistical

significance.

The above are only preliminary conclusions from this in-

terim analysis. However, in line with previous reports [17],

ioMRI led to extended tumor resections in about every fourth

patient. The extent of resection may only be a surrogate

parameter of clinical benefit for glioma patients. Yet, it

appears to be associated with prolonged survival, at least in

high-grade glioma patients [18 20]. Therefore,maximum safe

resection is the goal in brain tumor neurosurgery, and ioMRI

emerges as an appropriate tool to achieve this goal. Effects on

patient outcome in terms of survival, however, will yet have to

be demonstrated.

Conclusion

We are conducting the first prospective randomized con-

trolled trial involving the use of intraoperative image-

guidance by means of ioMRI. The interim analysis of

this study suggests that the use of ioMRI leads to lower

postoperative tumor volumes and might lead to higher

rates of complete resections than conventional microneuro-

surgical approaches.
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Impact of a Low-Field Intraoperative MRI on the Surgical Results
for High-Grade Gliomas

Talat Kırış and Osman Arıca

Abstract In this study the authors retrospectively evaluated

the results of the operated intracranial high grade gliomas

using low field intraoperative MRI system Polestar N 20þ
Stealth Station (Medtronic, Co, USA) at German Hospital,

Istanbul. Between November 2006 and October 2008, 11

patients underwent microsurgical tumor resection with the

use of intraoperative MRI for WHO Grade III and IV glio-

mas. There were six males and five females, mean age was

53 (range 30 73), and mean follow-up duration was 19

months (range 4 31). Ten total, one subtotal resection was

achieved, whereas intraoperative MRI assesment demon-

strated five residual tumors. Histopathological examination

revealed that eight tumors were Glioblastomas and three

were anaplastic oligodendroglioma, anaplastic oligoastrocy-

toma and anaplastic ependymoma respectively. No compli-

cations directly related to the intaoperative scanning were

observed and there was no mortality, but one patient with an

insular tumor developed hemiparesis after the operation.

Mean hospital stay was 4.8 day. Ten patients received addi-

tional radiotherapy and chemotherapy, one patient refused

further therapy. Mean survival was 18.8 months for the

entire group and 15.6 months for glioblastoma patients. In

this small series of patients with high grade gliomas we

found that the use of intraoperative MRI helps complete

tumor removal and hence improves survival.

Keywords High grade glioma � Intracranial tumors � Intra-
operative MRI � Microsurgery

Introduction

The prognosis of patients with high grade gliomas remains

poor despite advances in aggressive therapy with surgical

resection, radiotherapy and chemotherapy [1]. The goals

of surgery in high grade gliomas are obtaining histopatho-

logical diagnosis, alleviating symptoms related increased

intracranial pressure and compression of neural tissues,

increasing survival and decreasing the need for corticoster-

oids. Growing evidence suggest that the extent of microsur-

gical resection is associated with longer life expectancy in

high grade gliomas [2]. The availability of the intraoperative

MRI has changed the principles of surgery for gliomas [3].

An intraoperative MRI scanner can acquire presurgical neu-

roradiological examinations for planning, intraoperative

images for realtime neuronavigation and for comparing the

extent of tumor resection with preoperative tumor volume

[3 5]. Studies have shown improvement in the extent of

tumor resection with the use of intraoperative MRI, but

improved survival has not yet been proven [6 8]. In this

study we report our results in neurosurgical resection of high

grade gliomas in adults, with the help of a low field MRI

scanner.

Patients and Methods

Within a period of 18 months between November 2007 and

June 2009, 13 craniotomies (for 11 patients) were performed

for removal of WHO grade III and IV Gliomas using the

low field intraoperative MRI scanner Polestar N-20, at the

German Hospital, Istanbul. The group included 6 male and

5 female patients with a mean age 53 (age range 30 73). One

patient, operated earlier for a Grade II insular astrocytoma,

had been operated two more times after the tumor was

recurred as Glioblastoma (the third operation was performed

for a distant seeding metastasis).
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Fig. 1 (continued)

56 T. Kırış and O. Arıca



For the surgical procedure, the patient was positioned at

the table with the non-magnetic headholder, designed for

this system. The scanner was placed under the operating

table. Patient reference frame and coil were attached to the

headholder and the patient’s head, respectively. The arms

of the scanner were raised at a proper position. After

the Starshield isolated the patient from the rest of the

room, postcontrast (double dose) T1 weighted images were

obtained. This image set was used for planning the cranioto-

my. Tumors were removed using standard microsurgical

principles. Another intraoperative postcontrast T1 scanning

was obtained for evaluating the tumor removal. Whenever

rest tumor was detected, these images would be further used

for real time neuronavigation. MRI scanning was repeated

until complete resection was achieved (Fig. 1).

All patients except one (who refused any further therapy

after microsurgery) received additional radiotherapy (a total

dose of 60 G). One patient recruited to a study at the Radia-

tion Oncology Department of Istanbul University, received a

total dose of 66 G. Patients received radiotherapy, had also

received adjuvant chemotherapy; namely temozolamide.

Results

In ten patients, total tumor resection was achieved. In one of

the patients, brain stem infiltration prevented a total resec-

tion. Histopathological examination revealed that eight of

the tumors operated were glioblastomas, one anaplastic oli-

godendroglioma, one anaplastic oligoastrocytoma and one

anaplastic ependymoma. There was nomortality in this series.

The patient operated previously for low grade astrocytoma,

developed hemiparesis after the second operation.

Patients were positioned according to the surgical proce-

dure, either the prone, supine or lateral. The average time

for patient positioning and image acquisition in this series

was 72 min (range 45 120 min). The average duration of

surgery from incision to the last suture was 172 min. Intrao-

perative MRI demonstrated residual tumor in 5 of the 11

cases. Imaging sessions averaged 2.4 per surgery. Mean

hospital stay was 4.8 days.

Mean follow-up was 19 months (4 31months). Mean sur-

vival for the entire series was 18.8 months, mean survival for

glioblastoma patients was 15.6 months. On the last follow-up,

Fig. 1 (a) Preoperative T1 weighted postcontrast diagnostic images acquired with 1.5 T MRI scanner demonstrated a left deep seated frontal

tumor. (b) T1 weighted postcontrast images acquired with Polestar before surgery. (c) Neuronavigation using the images acquired with Polestar

before the beginning of surgery. (d) Intraoperative control MRI images for comparing the extend of resection. (e) Control MRI images 12 months

after the operation
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four patients were disease free (2 Grade IV and 2 Grade III),

one patient with subtotal resection did not show any progres-

sion, three patients demonstrated recurrences and three

patients had died. One patient died of pneumonia 4 months

after the operation, one patient who refused any further thera-

py died from recurrent tumor 7 months after the operation.

One patient died 28, 12 and 3 months after the first, second and

third operation, respectively. The second operation was per-

formed for recurrence and the third for a seeding metastasis.

No complications related to the use of intraoperative MRI

had been observed. Table 1 summarizes the clinical features

of the patients.

Discussion

For high grade gliomas, establishment of universally rele-

vant prognostic criteria and treatment options remains a

great challenge. Tumor histopathology, patients’ age and

functional status are the only reliable prognostic factors.

Although Class I evidence is deficient in determining the

efficacy of surgery in improving survival and delaying tumor

progression among patients with high grade gliomas, there is

growing evidence that more extensive surgical resection

may be associated with more favorable life expectancy [2].

Therefore some form of imaging modality like MRI, CT or

ultrasound, which increase the percentage of gross total

tumor resection should be of value.

During the past ten years, different intraoperative MRI

systems have been introduced into the neurosurgical

operating rooms, to allow realtime imaging during surgery

[3, 5]. Intraoperative MRI systems with low- (0.15 0.5 T),

high- (1.5 T) and ultrahigh- (3 T) field strength are available

[3, 9 11]. High- and ultrahigh-field strength systems carry

potential of better imaging quality and opportunity of ad-

vanced imaging features, such as diffusion, spectroscopy and

anjiography. However the size and cost of high- and ultra-

high-field strength magnets are pronounced disadvantages.

Polestar N-20 is a compact and mobile system with field

strength of 0.15 T. The magnet is formed by two vertical,

parallel disk shaped arms and the permanent magnet docks

under a standard OR table. Because of its low magnetic field

strength, standard operating room and MRI-incompatible

surgical instruments can be used. It provides more patient

access since scanning and navigation are directly under the

control of the neurosurgeon and thus eliminates the need

of simultaneous presence of a neuroradiologist or an MRI

technician.

Schulder et al. reported their experience in cranial surgery

with the Polestar N-20 system [12]. Their report included

13 glioma cases. In their series, imaging sessions averaged

2.3 per surgery, which is almost identical with our experi-

ence 2.4 average imaging per surgery. As they stated, we

also found that the T1 weighted images (7 min/4 mm) are the

most accurate for evaluating the extent of tumor resection as

well as for navigation. The extra time required for use of the

system, averaged 1.1 h in their series.

Senft et al. reported their experience in glioma surgery

(including low and high grade tumors) using the same sys-

tem [8]. Patient positioning in their experience, took 33 min

in average and additional time was used for image acquisi-

tion. In our experience, patient positioningþimage acquisi-

tion lasted 72 min, which coincides with both reported series

[11, 12]. Intraoperative scans after tumor resection revealed

residual tumor in 47.6% of the patients with contrast en-

hanced tumors, in the series of Senft et al. In the present

series residual tumor was demonstrated in 45.4% (all high

Table 1 Clinical features of the patients

Sex

Female 5

Male 6

Age

Mean 53

Range 30 73

Location

Teomporal 2

Insular 1

Frontal 2

Parietal 2

Occipital 2

Thalamic 1

Serebellum Brainstem 1

Incision

Pterional 3

Horseshoe 1

Lineer 7

Time for patient positioning and image acquisition

Mean 45 120 min

Range 72 min

Imaging sessions

Mean 2.4

Range 2 4

Hospital stay

Mean 4.8 days

Histopathology

Glioblastoma 8

Anaplastic Oligodendroglioma 1

Anaplastic Oligoastrocytoma 1

Anaplastic Epandymoma 1

Ki 67 index

Mean 31.15%

Range 9 80%

Follow up

Mean 19

Range 4 31

Survival

Mean for Total Series 18.8 months

Mean for Glioblastoma Patients 15.6 months
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grade contrast enhanced tumors) and intentional gross total

resection was achieved in 90.9% of patients.

Hirschberg et al. evaluated the impact of intraoperative

MRI on median survival for a series of patients harboring

high grade gliomas [13]. They compared this group to a

matched cohort of patients operated in a conventional manner.

The intraoperative MRI scanner they used, was the Signa Sp/

I (General Electric Medical Systems, WI, USA), an open

vertical MRI scanner with 0.5 T field strength. The mean

overall survival time in the study group was 14.5 months,

compared 12.1 months for the matched control group. With

a similar system Schneider et al. evaluated the influence of

intraoperative MRI on the extent of resection and the median

survival in patients with glioblastome multiforme [7]. The

mean survival was 9.3 months, but when the patients were

analyzed separately for gross-total and subtotal resections,

the mean survival was 17.9 and 7.9 months, respectively. In

our series, mean survival was 18.8 months for the whole

group and 15.6 months for glioblastome multiforme patients.

The results of this small group of patients with high grade

gliomas operated with the help of Polestar N-20, demon-

strated that a low field strength MRI scanner is a useful

surgical tool for evaluating the extent of tumor resection

and for real time neuronavigation.
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Intraoperative MRI and Functional Mapping

Thomas Gasser, Andrea Szelenyi, Christian Senft, Yoshihiro Muragaki, I. Erol Sandalcioglu, Ulrich Sure,
Christopher Nimsky, and Volker Seifert

Abstract The integration of functional and anatomical data

into neuronavigation is an established standard of care in

many neurosurgical departments. Yet, this method has lim-

itations as in most cases the data are acquired prior to

surgery. Due to brain-shift the accurate presentation of func-

tional as well as anatomical structures declines in the course

of surgery.

In consequence, the acquisition of information during

surgery about the brain’s current functional state is of

specific interest. The advancement of imaging technologies

(e.g. fMRI, MEG, Intraoperative Optical Intrinsic Signal

Imaging IOIS) and neurophysiological techniques and

the advent of intraoperative MRI all had a major impact on

neurosurgery.

The combination of modalities such as neurophysiology

and intraoperative MRI (ioMRI), as well as the acquisition

of functional MRI during surgery (ifMRI) are in the focus of

this work. Especially the technical aspects and safety issues

are elucidated.

Keywords Brain mapping � Functional MRI �
Intraoperative MRI � Neurophysiology

Introduction

The success of resective surgery of brain lesions in close

vicinity to eloquent cortex is closely linked to the preserva-

tion or improvement of the initial neurofunctional status. For

that purpose, intraoperative electrophysiological monitoring

(IOM) delivers information about the neurophysiological

integrity of specific functional networks and pathways

[1, 2]. Besides well-established and routinely employed

methods such as sensory and motor evoked potentials

(SEPs and MEPs), which test primarily the functional integ-

rity of the corticospinal tract, cortical mapping allows for

testing of even more complex functional networks (e.g.

speech, reading, cognition).

Additionally, functional imaging technologies such as

functional MRI and magnetic source imaging (MEG) play

an increasing role in the preoperative planning of the

approach and the resection borders [3 7]. Postoperatively,

functional restitution and cortical reorganization may be

documented by fMRI, presenting further insight into issues

such as neuronal plasticity, which in turn is of growing

interest to neurosurgeons as well.

To date neuronavigation is the technical core structure for

the integration of image based functional information into

the operative site. The usefulness of what may be called

‘‘functional neuronavigation’’ is well documented [1, 8 12]

however, ‘‘functional neuronavigation’’ has technical limita-

tions, primarily related to the fact, that the functional data

is acquired preoperatively. Loss of cerebrospinal fluid and

tumour resection may result in a significant intraoperative

deformation of the brain resulting in an inaccuracy of

the neuronavigation, which in turn can be compensated

for by intraoperative imaging and regular updates of the

navigational data sets [9 11].

The study group has developed two approaches to address

this specific issue in order to increase accuracy of intra-

operative functional mapping. The technological pathways

being followed are:
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Method 1: To perform functional MRI intraoperatively

(intraoperative fMRI or ifMRI) employing a passive fMRI

paradigm to visualize the sensorimotor cortex intraopera-

tively.

This method has been implemented in a 1.5 T, as well as

in a 0.3 T environment [13].

Method 2: To routinely update intraoperative anatomical

neuronavigation and to combine these data with conventional

IOM. This method has been applied in a 0.15 T setup [12].

Materials and Methods

Method 1: Intraoperative Functional MRI

In the presented study, four patients (mean age: 39 years)

with centrally located lesions (one glioblastoma WHO

IV, one astrocytmoma WHO II, one bronchial carcinoma

metastasis, one cavernoma) were evaluated under total intra-

venous anaesthesia (TIVA) with propofol 2% (2,6-diisopro-

pylphenol; average dosage: 5.8 mgkg 1h 1) and fentanyl

(1-phenethyl-4-(phenylpropionylamino)piperidine; average

dosage: 0.23 mgkg 1h 1) at different stages of surgery. In

order to acquire functional MRI, several technical prerequi-

sites have to be met. Firstly, the installation of an intrao-

perative MR unit (ioMRI) is required. The neurosurgical

operating suite in the Department of Neurosurgery, Univer-

sity Erlangen-Nuremberg, is equipped with such a 1.5-T

scanner (Magnetom Sonata Maestro Class, Siemens Medical

Solutions, Erlangen, Germany). Secondly, a passive func-

tional MR-paradigm, eliciting an activation of the sensori-

motor cortex under general anaesthesia has to be employed.

The study group has described this method’s setup, safety

and scope of application in detail previously [8, 13, 14]. In

short, we applied a passive paradigm based on electrical

stimulation of the median and tibial nerves [14]. For electri-

cal stimulation an electromagnetically shielded coaxial lead

(length: 8 m; resistance: 50 O) was designed. Shielding was

achieved by connecting the conductor’s shielding-mesh to

the MRI-cage. Modified bipolar surface electrodes (Nicolet,

Madison,WI, USA; Part Number: 019-401500) were utilized

for both stimulated locations, applying 3-Hz square wave

electrical pulses of 100 ms duration with an intensity of

3 mA above motor threshold. The impulse generator (Nicolet-

Viking IV P, Madison, WI, USA) was located outside the

operating suite and the conductor was threaded through a

waveguide array into the operating theatre. After anaesthe-

siological induction and patient positioning, the stimula-

tion electrodes were attached and the motor threshold was

defined. After an initial anatomical and functional MR scan,

surgery commenced and two further data sets were acquired

during and at the end of the surgical procedure. The block-

design stimulation paradigm alternated four rest and four

activation periods of 33 s each. For functional imaging, slices

parallel to the anterior posterior commissural plane were

acquired as T2*-weighted Echo Planar Imaging (EPI)

sequences (TE 60 ms, TR 3,300 ms, flip-angle 90�, slice
thickness 3 mm, FOV 220 mm, matrix 64�64) with data

acquisition covering the whole cerebrum.

Employing Statistical Parametric Mapping (SPM, Well-

come Department of Imaging Neuroscience, London, Ver-

sion 99), the functional time series were analyzed

statistically. The data were motion corrected by rigid body

spatial translation. After data smoothing, a design matrix

according to the variables of the above mentioned boxcar

stimulus function was created. The predictor vectors were

convolved with a hemodynamic response function. The data

were assessed statistically specifying P as 0.05 (n¼1) for

corrected and 0.001 (n¼3) for uncorrected comparisons.

For anatomical correlation the functional data with the

realigned echo planar images were co-registered with a

3-D T1-weighted high-resolution data set.

A comparable procedure to the one described above

has been applied by the study group in a different setting,

namely in a 0.3 T ioMRI environment (Hitachi AIRIS II,

Hitachi Medical Cooperation, Kashiwa, Japan) which is

installed in the operating suite of the Department of Neuro-

surgery at Tokyo Women’s Medical University, Tokyo,

Japan. Minor modifications to the scanner software (Version

5.0 M) and an adaptation of the scanning parameters (echo

planar sequence GE-EPI, TR 1,200 ms and TE 41.8 ms, flip

angle 80�) were necessary to implement ifMRI.

Method 2: Combination of ioMRI and IOM

The combination of intraoperative MRI (ioMRI), neurona-

vigation, intraoperative neurophysiological localization (e.g.

cortical mapping, phase reversal) and continuous functional

monitoring promises to the neurosurgeon up-to-date func-

tional and anatomical information. However, the interaction

between the magnetic field (either static or alternating) and

the electrodes, which are inserted in the scalp, may induce

heat or an electric current. The maximum interaction within

this specific ioMRI environment (PoleStar 0.15-T, Medtro-

nic Surgical Navigation Technologies, Louisville, CO,

USA) and the maximum electric current being delivered by

the IOM system (ISIS intraoperative monitoring system,

Inomed Co., Teningen, Germany) were first of all estimated

in a precursor study evaluating effects such as induction of

heat or directional forces in a phantom. Additionally, the

effects on image quality were evaluated. The MRI data sets

included the following axial sequences: T1-weighted
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(TR 40.00 ms, TE 3.00 ms, with and without gadolinium-

DTPA) and T2-weighted (TR 3,000.00 ms TE 112 ms).

After establishing safety criteria, the clinical feasibility was

evaluated in a subsequent study.

Phantom Study

Standard CE-certified electrodes (stainless steel subdermal

electroencephalography [EEG] needle electrodes, corkscrew

design electrodes, and platinum/iridium [Pt/Ir]-subdermal

EEG needle electrodes; Viasys Healthcare, Madison, WI;

0.4-mm diameter and 1.5-m lead length) were evaluated,

by attaching the electrodes to a copper sulfate-filled phantom

(PoleStar N20 specific equipment, Medtronic Surgical Nav-

igation Technologies, Louisville, CO, USA) (Fig. 1). While

imaging was performed with the PoleStar N20 (Medtronic

Surgical Navigation Technologies, Louisville, COS, USA;

scanning parameters, see above), induction of movement

and heat was observed and measured. Image quality was

analyzed for artifacts by comparing images with and without

electrodes.

Clinical Study

In 29 patients (median age: 40 years) with supratentorial

lesions (11 glioblastoma WHO IV, 15 astrocytoma WHO

II-III, 1 cavernoma, 1 tuberculoma, oligodendroglioma) a

neurosurgical procedure was performed with IOM and

ioMRI. In 15 patients we additionally mapped the cortex

with direct cortical stimulation (DCS). For IOM Pt/Ir elec-

trodes were utilized (Fig. 2). ioMRI was performed at the

start of surgery and at the presumed end of resection employ-

ing the following axial sequences: T1-weighted (TR

40.00 ms, TE 3.00 ms, with and without gadolinium-DTPA),

T2-weighted (TR 3,000.00 ms, TE 112 ms).

During the scanning procedure the ION System was

switched off and the head box was detached from the

amplifier.

Results

Results of Method 1: Intraoperative
Functional MRI

In all patients examined with the 1.5 T ioMRI, the somato-

sensory cortex could be identified by intraoperative fMRI.

The signal characteristics varied in the course of surgery

with changing BOLD signal intensities and co-activations

of the assumed secondary sensory cortex (S2). Remarkably,

an inversal of the BOLD response in nearly half of the

measurements was observed. Analyzing the functional data

sets by introducing a contrast of 1 suggested an increase of

the deoxyhemoglobin concentration in the elicited somato-

sensory cortex. Microscope-based neuronavigation allowed

the intraoperative correlation of anatomical and functional

data with the exposed structures in the surgical field.

Fig. 1 Phantom prepared for standardized evaluation of artifacts originating from different electrodes. Left frame: comparison of the image

artefacts, with the corkscrew electrodes producing a considerable signal wipe out (from left to right: no electrode; platinum iridium (PtIr)

electrode; corkscrew electrode; steel electrodes. Right frame: actual setup with phantom placed in between the MR unit’s aperture (Polestar N20)

with electrode attached to the phantom’s calibration sphere (white arrow)
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The average registration accuracy was 1.45 mm (standard

error: 0.67 mm). Significant susceptibility artifacts were

avoided by filling the resection cavity with saline. Applying

SPM’s statistical routines, the fitted response function (ad-

justed data versus time/scans) documented in all cases a high

correlation between the temporal course of the paradigm and

the cortical activation.

In a preliminary evaluation we could demonstrate that

similar results were obtained in patients in whom intraopera-

tive fMRI was performed employing a 0.3 T scanner.

Results of Method 2: Combination of ioMRI
and IOM

Phantom Study

Primarily steel electrodes caused electrode-related artifacts.

The most common artifacts were signal deletions and local

field distortions. More importantly, this study demonstrated

the inertness of Pt/Ir electrodes to MRI (Fig. 1); consequently,

they were used for the patient study. Temperature changes

were not observed in any of the utilized electrodes.

Clinical Study

In all collected ioMRI data sets, irrespective of the sequence,

no image artifacts or changes in SNR (signal-to-noise-ratio)

originating from the electrodes could be detected. There

were no adverse effects related to the setup and the quality

of the monitoring was not affected either.

Discussion

The integration of preoperatively acquired functional imag-

ing and intraoperative neurophysiology employing neurona-

vigation has been implemented in several centres. However,

only a few reports exist about intraoperative updates of

functional information in combination with ioMRI [12].

Two different technical setups, which provide such a func-

tional update, are in focus of the presented data.

Established methods of functional mapping and monitor-

ing, such as direct cortical stimulation, phase reversal or

evoked potentials, have still to be regarded as the gold

standard of brain mapping. The combination with ioMRI

could however facilitate the interpretation of neurophysio-

logical information. Thus efforts were made to combine the

technical components as described under method 2. The

advantage of this method is, that it offers the high temporal

resolution and the constant flow of information originating

from IOM and electrophysiological mapping. In our setup,

we have proven safety only for a 0.15 T environment, with

its obviously reduced spatial resolution and the smaller field-

of-view when compared to a 1.5 T MR unit. With careful

selection of the electrode types, EEG and evoked potential

recording, even in high-field MRI systems up to 7-T, has

been described as safe [15].

The primary assets of ioMRI are the compensation of

brain-shift and intraoperative resection control. Extended

capabilities of ioMRI, namely functional MRI (fMRI) and

diffusion tensor imaging (DTI), offer additional information

to the neurosurgeon. To date, functional navigation relies on

preoperatively acquired data. However, as described under

method 1 the intraoperative acquisition and update of func-

tional MRI is safe and feasible. In comparison to method 2,

which propagates the combination of 0.15 T ioMRI and

IOM, the functional information is updated only at a few

times during surgery. This may be a disadvantage, yet the

high anatomical resolution and the combination of up-to-

date intraoperative fMRI and diffusion tensor imaging (DTI)

provide a technical solution. By co-registration of ifRMI and

DTI, the entire intracranial corticospinal tract can be visua-

lized [16]. The application of ifMRI activation areas as seed

points for fiber tracking algorithms in DTI data in order to

delineate major white matter tracts intraoperatively can pro-

vide more exact data, reducing the risk for postoperative

neurological deficits. Especially in surgery of larger, centrally

located lesions with an increased shift of the adjacent gyri,

the update of functional information may help to trace the

sensorimotor cortex.

Fig. 2 Placement of the Platinum Iridium (PtIr) electrodes for IOM

according to the international 10 20 EEG system in a patient with a

recurrent astrocytoma. Note the location of electrodes within the

HF head coil (Medtronic Surgical Navigation, Louisville, CO, USA).

To avoid heating and dislocation of the electrodes induced by the static

and alternating magnetic field, all cables were braided, and looping of

the electrode cables was avoided. The preamplifier was placed at a

distance of 1 m from the patient’s head at the sidebar of the operating

table placed (not visible)
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Conclusion

Neurophysiological monitoring with evoked potentials and

DCS can be performed safely and with good quality within a

low-field open MRI system. Alternatively, intraoperative

fMRI, employing a 1.5 T MR unit and an appropriate para-

digm, represents an equally safe and technically feasible

method for near-real-time identification of eloquent brain

areas despite brain shift during neurosurgical procedures.

Disclosure Thomas Gasser, M.D., Ph.D., serves as clinical consul

tant to Medtronic, but there has been no direct financial support of this

study by the company.
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Information-Guided Surgical Management of Gliomas
Using Low-Field-Strength Intraoperative MRI

Yoshihiro Muragaki, Hiroshi Iseki, Takashi Maruyama, Masahiko Tanaka, Chie Shinohara,
Takashi Suzuki, Kitaro Yoshimitsu, Soko Ikuta, Motohiro Hayashi, Mikhail Chernov,
Tomokatsu Hori, Yoshikazu Okada, and Kintomo Takakura

Abstract

Background: Contemporary technological developments

revolutionized management of brain tumors. The experience

with information-guided surgery of gliomas, based on the

integration of the various intraoperative anatomical, func-

tional, and histological data, is reported.

Methods: From 2000 to 2009, 574 surgeries for intracra-

nial gliomas were performed in our clinic with the use of

intraoperative MRI (ioMRI) with magnetic field strength of

0.3 T, updated neuronavigation, neurochemical navigation

with 5-aminolevulinic acid, serial intraoperative histopatho-

logical investigations of the resected tissue, and comprehen-

sive neurophysiological monitoring. Nearly half of patients

(263 cases; 45.8%) were followed more than 2 years after

surgery.

Findings: Maximal possible tumor resection, defined as

radiologically complete tumor removal or subtotal removal

leaving the residual neoplasm within the vital functionally-

important brain areas, was attained in 569 cases (99.1%).

The median resection rate constituted 95%, 95%, and 98%,

for WHO grade II, III, and IV gliomas, respectively. Actuar-

ial 5-year survival was significantly worse in WHO grade IV

gliomas (19%), but did not differ significantly between

WHO grade III and II tumors (69% vs. 87%).

Conclusions: Information-guided management of glio-

mas using low-field-strength ioMRI provides a good oppor-

tunity for maximal possible tumor resection, and may result

in survival advantage, particularly in patients with WHO

grade III neoplasms.

Keyword Brain tumor resection � Glioma � Intraoperative
MRI � Surgery � Updated intraoperative neuronavigation

Introduction

Contemporary technological developments revolutionized

surgical management of intraaxial brain tumors. Introduc-

tion of the intraoperative MRI (ioMRI) and related updated

neuronavigation permitted for neurosurgeons to perform

resection of the tumor under precise anatomical guidance.

Moreover, at present it is possible to obtain intraoperatively

not only structural, but functional and metabolic images.

Comprehensive neurophysiological monitoring and intrao-

perative brain mapping by direct cortical and subcortical

electrical stimulation, particularly performed during ‘‘awake

craniotomy’’, allows precise localization of the cerebral func-

tions and preservation of the functionally-important brain

structures during removal of the tumor. Neurochemical navi-

gation with 5-aminolevulinic acid (5-ALA) permits direct

visualization of the residual neoplasm under the operating
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microscope and its differentiation from the peritumoral brain,

whereas techniques of intraoperative histopathological

diagnosis allow fast direct investigation of the pathological

tissue for identification of the neoplastic cells. Incorporation

of these adjuncts into surgical management of gliomas pro-

vides for the surgeon an opportunity to perform aggressive

resection of the tumor with minimal risk of postoperative

neurological morbidity. The present report highlights our

experience with information-guided surgical management

of gliomas using low magnetic field strength ioMRI with

an emphasis on tumor resection rate and outcome.

Materials and Methods

From 2000 to 2009, 734 neurosurgical procedures with the

use of ioMRI were performed in the intelligent operating

theater of the Tokyo Women’s Medical University. The vast

majority of these surgeries (574 cases; 78.2%) were directed

on biopsy or resection of gliomas using the concept of their

information-guided surgical management. Nearly half of

patients (263 cases; 45.8%) were followed more than

2 years after surgery.

Intelligent Operating Theater

Detailed information on the internal organization of the

intelligent operating theater of the Tokyo Women’s Medical

University has been provided previously elsewhere [1, 2]. It

equipped with an open ioMRI scanner (AIRIS IITM, Hitachi

Medical Co., Chiba, Japan) with magnetic field strength of

0.3 T, which has a hamburger-like shape with a 43 cm gantry

gap and a permanent magnet producing vertical magnetic

field with resonance frequency of 12.7 MHz. Low magnetic

field strength creates narrow 5-gauss line, which extends 2 m

from both sides, 2.2 m in front, 1.8 m backwards, and 2.5 m

upwards. It permits for the surgeon to use some conventional

surgical devices and instruments in the working space out-

side 5-gauss line. It should be specially marked, that this

ioMRI scanner does not require a cooling system, which

significantly reduce its operating costs by approximately

10,000 Japanese yen (around 100 US $) per month. Origi-

nally developed radiofrequency receiver coil integrated with

Sugita head-holder (Head-holder coil; Mizuho Ltd., Tokyo,

Japan) significantly improved the quality of intraoperative

images. It provides an opportunity to perform MRI investi-

gations with minimal distortion artifacts and maximum

structure contrasting in any plane irrespectively to orienta-

tion of the object, which allows fixation of the patient head in

the most desirable position for tumor removal. From the

surgical point of view it allows use of any required approach

including retrosigmoid and transtentorial. Moreover, use of

the device provides an opportunity to perform intraopera-

tively not only volumetric, but diffusion-weighted imaging

(DWI), MR angiography (MRA), and functional investiga-

tions, with sufficient quality of images comparable to

those one obtained on scanners with higher magnetic field

strength.

For facilitation of the tumor removal and detection of the

neoplastic remnants we use previously developed navigator

for photon radiosurgery system (PRS navigator; Toshiba,

Tokyo, Japan), which allows fast and easy updating of the

information obtained with ioMRI. It is based on a conven-

tional infrared location-identification device, which shows

the location of the suction tip and position of the suction tube

in 3 sectional planes. The mislocalization errors of the de-

vice constitute 0.8 mm in average, 1.5 mm at maximum, and

0.5 mm at minimum, and typically do not exceed 1 mm [1].

The system permits co-registration, fusion and three-dimen-

sional reconstruction of the various images, and provides

easy-to-understand information.

If the tumor is located near or in the eloquent brain area,

cortical mapping, neurophysiological monitoring, and/or

stimulation of the cranial nerves are performed as appropri-

ate before resection of the neoplasm for identification of

the motor area, speech area, cranial nerves and their nuclei.

‘‘Awake craniotomy’’ was performed in 152 cases of the present

series. Motor evoked potentials were investigated in 437

cases, whereas somatosensory evoked potentials were moni-

tored routinely during surgery. Neurochemical navigation

with 5-ALA and intraoperative histopathological investiga-

tion were done routinely, as appropriate.

Concept of the Information-Guided Surgical
Management of Gliomas

Our concept of the information-guided surgical management

of gliomas is based on the integration of various intraopera-

tive anatomical, functional, and histological data with a

purpose to attain maximal surgical resection of the tumor

with minimal risk of postoperative neurological morbidity

(Fig. 1). In our practice ioMRI investigations are usually

performed when approach to the tumor is attained and then

when the lesion is removed [2]. It permits assessment of

completeness of the tumor resection and identification of the

residual neoplasm or possible adverse effects, such as hae-

morrhage. If residual tumour is identified and considered

suitable for additional resection the newly obtained ioMRI

data are transferred to the neuronavigation device with

subsequent resection of the neoplasm using this updated

information.
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Whereas such anatomical data are used for removal of

the bulk of the tumor, the resection of the residual neoplasm

is based not only on the anatomical images, but on the

results of the neurochemical navigation with 5-ALA and

histopathological investigation of the walls of the surgical

cavity.

It should be marked, that neither anatomical data

obtained with ioMRI, nor histopathological information on

presence of the residual neoplasm are sufficient for guidance

of the tumor resection, especially if the lesion is located near

or within functionally-important cerebral structures. In our

opinion in any occasion the first priority in surgical decision-

making should be given to functional information provided

by the intraoperative brain mapping and comprehensive

neurophysiological monitoring.

Results

ioMRI investigations provided informative images in 572

out of 574 cases (99.7%).

Maximal possible tumor resection was attained in 569

patients (99.1%). It included cases of radiologically complete

tumor removal as well as subtotal removal leaving the residu-

al neoplasm within the vital functionally-important brain

areas detected with neurophysiological monitoring and/or

brain mapping. In 3 cases aggressive tumor resection was

not completed as planned due to lost of cooperation with the

patient operated on in awake condition (2.0% of such cases).

The resection rate did not depend on the histopathological

tumor grade and constituted, in median, 95%, 95%, and

98%, for WHO grade II, III, and IV gliomas, respectively

(Fig. 2). Importantly, our low-field-strength ioMRI showed

high sensitivity for detection of the residual glioma, which

was confirmed by postoperative high-field-strength MRI

investigations. In no one case of the present series unexpect-

ed residual tumor was disclosed.

Actuarial 5-year survival rate in patients who were fol-

lowed more than 2 years after surgery was significantly

worse in WHO grade IV gliomas (19%; P<0.0001), but

did not differ significantly between WHO grade III and II

tumors (69% vs. 87%; P¼0.0942).

Illustrative Case

An 18-year-old man underwent information-guided surgery

for left insular glioblastoma multiforme located adjacent to

the compressed pyramidal tract medially and arcuate fascic-

ulus associated with speech function, superiorly (Fig. 3).

After craniotomy and dissecting of the Sylvian fissure

baseline iMR images were obtained. Tumor removal was

attained under awake condition of the patient. Incorporation

of the DWI into neuronavigation device permitted for the

surgeon to identify clearly the white matter bundle contain-

ing pyramidal tract and to perform anatomically controlled

dissection of the neoplasm from this functionally important

structure. Transitory motor weakness and aphasia were

observed at the time of surgical manipulations in the vicinity

to pyramical tract and superior longitudinal tract, respectively.

Total en bloc removal of the contrast-enhanced tumor was

attained and control ioMRI did not disclose residual neo-

plasm. Correspondingly, histopathological investigation of

the wall of the resection cavity did not disclose neoplastic

cells’ clusters. The postoperative period was uncomplicated.

Fig. 1 Main principles of

information guided surgery for

glioma. To maximize resection

rate and minimize neurological

morbidity various types of

intraoperative information,

namely anatomical, functional,

and histological, are analyzed. All

data are integrated with updated

neuronavigation. In surgical

decision making the first priority

is given to functional information

provided by intraoperative brain

mapping and comprehensive

neurophysiological monitoring.

ioMRI intraoperative MRI, MEP
motor evoked potentials, SEP
somatosensory evoked potentials
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Transitory intraoperative motor weakness and aphasia re-

covered completely and no neurological morbidity was ob-

served after surgery.

Discussion

Introduction of ioMRI and updated neuronavigation into

routine neurosurgical practice provided an opportunity to

perform resection of gliomas under precise anatomical guid-

ance. In our initial report use of ioMRI resulted in 93%

average resection rate of gliomas, and 46% of total tumor

removals [2]. Growing experience resulted in even better

results presented herein. Maximal possible tumor resection,

defined as radiologically complete tumor removal or subto-

tal removal leaving the residual neoplasm within the vital

functionally-important brain areas, was attained in 99.1% of

cases. While such aggressive tumor resection is frequently

associated with increased rate of temporary postoperative

neurological deterioration, the permanent neurological mor-

bidity was noted just in 14% of cases [2]. Additionally, it

seems that use of ioMRI reduces the risk of postoperative

hemorrhagic complications, and does not increase the risk of

infection despite prolonged operative time [2].

During the last decade there is a trend for introduction of

ioMRI with high magnetic field strength of 1.5 T and 3 T [3,

4]. The advantages of such devices include high image quali-

ty, possibility to attain diffusion tensor and spectroscopic

images, and short scanning time. However, increase of mag-

netic field strength is associated with greater possibility of

image distortion artifacts. Additionally, the maintenance costs

of such iMR scanners is high. In the same time latest technical

achievements have permitted improvement of image quality

of low-field-strength ioMRI [1, 5 7]. As it is shown herein,

our open ioMRI scanner with magnetic field strength of just

0.3 T allows to attain not only standard T1-weighted and T2-

weighted images of sufficient quality and resolution, but

permits one to perform functional, DWI and MRA investiga-

tions. Further possibilities of fusion of preoperative high-

field-strength and intraoperative low-field-strength MR

images using deformable model within advanced computer

software, can result in combining of the advantages of both

techniques and may significantly diminish the need for ioMRI

of high magnetic field strength.

It should be specially underlined, that in cases of intra-

axial brain neoplasms anatomical data alone, even if

obtained with ioMRI, are not sufficient for guidance of

the resection. Precise histopathological information and,

especially, use of comprehensive neurophysiological mon-

itoring with cortical and subcortical brain mapping are

absolutely necessary for attainment of the optimal results

[2, 8]. Intraoperative integration of anatomical, histopatholo-

gical and neurophysiological data constitutes the basis of our

Fig. 2 Results of information guided surgery for glioma using 0.3 T intraoperative MRI. Images before (upper row) and after (lower row) tumor

removal are presented: (a) 100% resection of glioblastoma multiforme of the corpus callosum and both frontal lobes; (b) 85% resection of

glioblastoma multiforme of the left thalamus; (c) 98% resection of the low grade astrocytoma of the left basal ganglia and insula; (d) 98%
resection of the anaplastic astrocytoma of the left parietal lobe with residual tumor left in the functionally important brain area (arrowhead)
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concept of ‘‘information-guided surgery’’ with a goal of

maximal possible tumor resection and minimal risk of post-

operative neurological deterioration.

Meanwhile, the main question is still remains unanswered:

whether total removal of the glial neoplasm, particularly high-

grade one, is translated into longer survival of the patient?

Published data on this important issue are unequivocal and

result in a great controversy providing few reasonable

arguments both for opponents and advocates of aggressive

tumor resection. It seems, however, that the study of Stummer

et al. [9] provides a high level of evidence in favor of total

glioma removal. The authors adjusted biases of age and

eloquent area location in the dataset of randomized study

on use of neurochemical navigation with 5-ALA during

resection of glioblastoma multiforme, and found that

median overall survival after complete removal of the

contrast-enhanced lesion (17 months) was significantly

longer compared to cases with its incomplete removal (12

months). In concordance, in the report of van den Bent et al.

[10] on EORTC 26951 randomized trial of combined che-

motherapy for anaplastic gliomas, the overall survival was

better after complete tumor removal compared to partial

ones or to biopsy. The similar results were marked in the

Brain Tumor Registry of Japan [11]. Analysis of 6,400 cases

of WHO grade III and IV gliomas showed, that more than

90% tumor removal is associated with survival advantage,

while such resection rate was attained in 6 10% of cases

only.

Our current retrospective analysis could not be reliable

for evaluation of the association between resection rate of

Fig. 3 Information guided

surgery for left insular

glioblastoma multiforme in 18

year old man. Contrast enhanced

T1 weighted intraoperative MR

image obtained after craniotomy

and before tumor resection

showed the tumor located in the

left posterior insula (a).
Incorporation of the

intraoperative diffusion weighted

image into neuronavigation

system permitted for the surgeon

to identify white matter bundle

containing pyramidal tract (b,
arrow), and brain areas in which

surgical manipulations resulted in

transitory motor weakness (c) and
aphasia (d). At the end of tumor

removal no definite residual

neoplasm could be seen on

structural intraoperative MRI (e)
and, correspondingly,

histopathological investigation of

the wall of the resection cavity

did not disclose neoplastic cells’

clusters (f)
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glioma and patients’ survival after surgery. Anyway, in the

present series actuarial 5-year survival rate for patients with

WHO grade II, III, and IV gliomas constituted 87%, 69%,

and 19%, respectively. For comparison, according to the last

edition of the Brain Tumor Registry of Japan [11] the same

rates in general neurosurgical practice constitutes 75%, 40%,

and 7%, respectively. Moreover, the finding of the similar

long-term prognosis in our cases of WHO grade II and III

gliomas seems intriguing. It can reflect the significance of

survival advantage associated with aggressive resection of

WHO grade III gliomas [12] and should be definitely inves-

tigated further.

In conclusion, information-guided surgical management of

gliomas using low-field-strength ioMRI based on the intrao-

perative integration of anatomical, histopathological and

neurophysiological data permits to perform maximal possible

tumor resection with minimal risk of postoperative neurolog-

ical morbidity, and may result in significant survival advan-

tage, particularly in patients with WHO grade III gliomas.
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Implementation of the Ultra Low Field Intraoperative MRI
PoleStar N20 During Resection Control of Pituitary Adenomas

Ruediger Gerlach, Richard du Mesnil de Rochemont, Thomas Gasser, Gerhard Marquardt, Lioba Imoehl,
and Volker Seifert

Abstract Objective: To describe our experience with the

application of an intraoperative ultra low field magnetic

resonance imaging system (ioMRI) PoleStar N20, Medtro-

nic Surgical Navigation Technologies, Louisville, USA dur-

ing resection control of pituitary adenomas.

Methods: Forty-four patients were operated on a pituitary

adenoma (1 microadenoma, 43 macroadenomas; mean size

26.0�9.7 mm). The ioMRI system was used for navigation

and resection control after transseptal, transsphenoidal mi-

crosurgical tumour removal using standard instruments and

standard microscope. If any accessible tumour remnant was

suspected surgery was continued for navigation guided re-

exploration and if necessary continued resection.

Results: The applications of the scanner integrated naviga-

tion system, with a 3-planar reconstruction of the coronal

scan, enabled the surgeon to safely approach and remove the

tumour. The quality of preoperative tumour visualization

with the ultra low field ioMRI in patients with macroadeno-

mas is very good and has a good congruency with the preop-

erative 1.5 T MRI. For microadenomas the preoperative

visualization is poor and very difficult to interpret. In seven

patients ioMRI resection control showed residual tumours

leading to further resection. After final tumour resection the

ioMRI scan documented adequate decompression of the

optic pathway in all patients. However, the intraoperative

image interpretation was equivocal in four patients in

whom it was difficult to distinguish between small intrasellar

tumour remnants and perioperative changes.

Conclusions: The PoleStarN20 is a safe, helpful and feasible
tool for navigation guided pituitary tumour approach. Image

interpretation is requires some experience, but decompression

of the optic system can be reliable shown in cases with pituitary

macroadenomas. This system is of limited value for resection

control of pituitary microadenomas.

Keywords ioMRI � Pituitary adenoma � Suprasellar tumour �
Surgery

Introduction

The estimation of tumour removal during microsurgical

resection of pituitary adenomas can be intricate because

of limited visualization of supra- and parasellar structures.

Especially the proof of adequate decompression of the optic

pathway is crucial in patients with large suprasellar tumour

extension. To overcome this obvious problem intraoperative

MRI (ioMRI) resection control [1 9] has been propagated.

Intraoperative MRI systems differ with respect to scanner

field strength (low field [1, 3, 4, 6, 8 15], high field [5, 7] or

3T [16, 17]) and therefore require diverse perquisites for

implementation into a surgical procedure. According to the

field strength of the various systems the operation room or at

least the ioMRI system needs (ultra low field system Pole-

Star N10 and N20) special shielding. To apply ioMRI either

a patient or scanner movement is necessary, which needs

different technical installation requirements of the scanner

and/ or operating table, which has implications for the oper-

ative work flow.

It has been demonstrated that the rate of further resection

of non secreting pituitary adenomas was increased after the

implementation of low [1, 4] and high field ioMRI scanner

systems [5, 7]. Furthermore the use of ioMRI increased the

rate of resection and therefore endocrinological cure of

patients with GH- secreting tumours [5].

The PoleStar N20 (Medtronic Surgical Navigation Tech-

nologies, Louisville, USA) is the second generation of a

compact ultra low field ioMRI scanner. It represents a fur-

ther developed system, which was at first introduced by

Hadani et al. in 2001 [12].
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In this report we discuss our experience wit this ultra low

file intraoperative scanner type during microsurgical resec-

tion of pituitary adenomas.

Patients and Methods

The PoleStar N20 system was installed in the Department

of Neurosurgery, Johann Wolfgang Goethe- University

Frankfurt/ Main, Germany in September 2004. This scanner

type is applicable either with the use of a mobile shielding

device or in a shielded conventional operating room. In our

department the complete operating room was shielded.

We report about 44 patients (24 male, 20 female; mean

age 55.5�13.5 years) with pituitary macroadenomas (43)

and one patient with microadenoma, which were partly

included in a recent publication [11]. All patients had preop-

erative 1.5 T contrast enhanced MRI focused on the sellar

region to diagnose the extent of tumour growth and invasion

of the cavernous sinus.

A standard microsurgical procedure with a transseptal,

transsphenoidal tumour resection was performed in all

patients and the PoleStar N20 system was used for neurona-

vigation and preoperative tumour visualization and resection

control. All anaesthesiological equipment was fully ioMRI

compatible and used without any interference during the

whole procedure. After introduction of general anaesthesia

and supine positioning the patients head was fixed in a

3-point pin titanium head clamp (Odin, Medical

Technologies Ltd; Yokneam, Israel) and a flexible surface

radiofrequency (rf) head coil is placed around the head. For

co-registration and navigation, a dynamic patient reference

frame (PRF) was fixed to the head holder (Fig. 1). During the

procedure the scanner is stored beneath the operating table.

For data acquisition the magnets were elevated into the scan-

position. To avoid any interfering during the scanning pro-

cedures and to achieve optimal image quality the power

supplies of all electrical medical devices, which are not

necessarily needed, were turned off during all scanning

procedures using a main switch. The system offers the ap-

plication of several T1 and T2 weighted sequences [14].

Selection of MRI sequences was described recently [11]

after these sequences were evaluated the ioMRI was used

with a defined protocol. The first scans were performed to

proof the correct head position in the centre of the magnet.

Therefore an axial ultra fast mixed T1/T2 weighted sequence

(esteady: TR 11.00 ms, TE 3.00 ms, 24 s, 8 mm, Fig. 2) or a

short T1 sequence (T1: TR 40.0 ms, TE 3.00 ms, 60 s, 8 mm)

was used depending on the surgeons preference. To obtain

best image quality it is crucial to position the patients head in

the centre of the magnets. Moreover, for navigation purposes

the field of view (FOV) should cover the nasal cavity besides

Fig. 1 Position of the patient within the magnet (PoleStar N20) from

the patients left side. Because image quality strongly depends on a head

centered within the magnet positioning is a crucial step during the

procedure. Shoulders are pulled down to optimize head position. For

head fixation a 3 point sharp pin non ferromagnetic head holder was

used. The DRF is mounted on the head holder for navigation and the

head coil is placed around the head

Fig. 2 Short ioMRI sequence used for head positioning control using

an axial mixed T1/T2 sequence (esteady 24 s) showing the large intra

and suprasellar tumour. Identification of correct head position is crucial

for the image quality and can be performed in axial or coronal plane
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the sellar region to facilitate reliable navigation during the

transsphenoidal approach.

A coronal T1 weighted (TR 60.00 ms, TE 3.00 ms, 6.5 min,

3 mm) gadolinium-DTPA enhanced (0.4 ml Gd/kg body,

Magnevist, Schering, Berlin; Germany) sequence was used

for navigation with calculation of a 3-planar reconstruction

(Fig. 3). After the pre- resection scans the operative field was

prepared and sterile draped. To cover the magnet sterile

plastic drapes were used. For Navigation we used the Odin

navigation software during the first time and later on the

stealth station (Vers.4.0; Medtronic Surgical Navigation

Technologies, Louisville, USA). A standard surgical micro-

scope (NC4, Karl Zeiss Medical, Oberkochen, Germany)

and normal ferro magnetic instruments were used through-

out the whole procedure.

When the surgeon considered the tumour to be completely

removed or at least achieved the intended amount of tumour

resection if the tumour had cavernous sinus invasion, a re-

section control scan was performed. The time from stopping

surgery to start ioMRI resection control scanning ranges

between 1 and 2 min. If an accessible tumour remnant was

visible on the ioMRI scan navigation guided surgical resec-

Fig. 3 A coronal T1 weighted Gd enhanced scan (3 mm) is used for neuronavigation. A triplanar reconstruction is calculated and displayed by the

system. (a) The Odin system was used during the first 8 months, (b) the Stealth station which was used afterwards and offers a virtual tip extension
for surgical guidance after application the navigation probe (c)
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tion was continued until further scan(s) documented com-

plete resection or the accomplished intended resection goal

(Fig. 4).

Results

Forty-four patients underwent transsphenoidal tumour resec-

tion with the use of the ioMRI system PoleStar N20. Forty-

three patients had a macro- and one patient had a microade-

noma. No adverse events related to the application of the

intraoperative ioMRI system PoleStar N20 were observed.

There were no accidents caused by the use of standard

ferromagnetic instruments. No procedure related complica-

tions occurred, especially no infection or surgery related

visual disturbance, or injury to the carotid artery.

Intraoperative imaging allowed an accurate localization

of the sellar region and pituitary tumours as well as identifi-

cation of pertinent parasellar structures, which was the pre-

requisite for safe and effective navigation guided resection

(Fig. 3). Thus the navigation safely guided the surgeon

Fig. 4 Pre (left) and post resection (right) ultra low field ioMRI scan with 3 planar reconstruction for navigation guided (re ) exploration. The

complete removal of the suprasellar tumour with adequate decompression of the optic system is demonstrated, while the interpretation of the

intrasellar region is difficult due to oozing during obtaining the scan
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providing detailed anatomic information, which was also

possible for the two patients with previous surgery and

operations for recurrent tumours.

PoleStar N20 resection controlled surgery was feasible in

all patients with macroadenomas, while the visualization of

small pituitary adenoma was limited and therefore patients

with microadenomas were not further evaluated.

According to the ioMRI surgery was continued in a total

of 7 out of all 44 patients (15.9%). A continued resection

was possible in 1 of 15 patients (6.7%) with intended com-

plete resection, but the majority of cases were patients

with cavernous sinus invasion and therefore intended incom-

plete resection. Thus the PoleStar N20 was mainly helpful

in detecting residual tumour in invasive tumour types,

were the surgeons tend to be less aggressive during tumour

resection.

The ophthalmologic status improved in all patients with

visual impairment (n¼19) and bilateral hemianopia (n¼18)

except for one patients with blindness on one eye deriving

from previous surgery in another institution. Only one

patient with intended incomplete resection and sticky

tumour had a transient VIth nerve palsy, which completely

recovered within 6 weeks after surgery. In four of eight

patients with GH-secreting tumours and one patient with

prolactinoma endocrinological cure was achieved. Three

patients with acromegaly had very small tumour remnants

at 3 months 1.5 T MRI, which could not be shown by ioMRI.

One patient had no visible tumour in standard control MRI 3

months postoperatively, but slightly elevated IgF 1 levels

thus consensus criteria were not met in this patient.

Intraoperative image interpretation was equivocal in four

patients and unfortunately three of the four patients suffered

from GH- secreting adenomas, including the one patient

with continued surgery. Compared with the 3 months 1.5 T

MRI a discrepancy in the images was found in these four

cases were no clear residual intrasellar tumour was seen on

ioMRI by the surgeon. Intraoperative interpretation was

challenging and a tiny small remnant could not be distin-

guished from perioperative changes but was identified in

1.5 T MRI at 3 months. However, re-evaluation for compar-

ison analysis of the ioMRI scans depicted residual tumour

comparable to the 1.5 T MRI at the time of surgery. There-

fore, this misinterpretation of the images was rather a prob-

lem of the surgeons, rather than the system itself.

Discussion

Although there are associated financial burden the distribu-

tion and implementation of intraoperative MRI systems has

gained more and more acceptance. One of the most appre-

ciated indications for ioMRI is the resection control of

pituitary macroadenomas (Fig. 5).

Two different developmental trends of intraoperative MRI

systems have emerged over the last years. The implementation

of high field ioMRI systems on the one side offers the quality

of diagnostic scanners during the operation, but has more

limitations in the surgical work flow. On the other end the

ultra low field system, PoleStar N20, enables the surgeon to

integrate the system with only minimal changes in the surgi-

cal work flow, but offers the possibility to use standard

instruments and microscope during the whole operation.

We report our experience with an compact ultra low field

Fig. 5 Coronal T1 weighted

contrast enhanced [0.15 T] scan

before (left) and after (right)
resection of a large intra and

suprasellar adenoma (same

patient as in Fig. 2). The

intraoperative scan after resection

demonstrates resection of the

pituitary adenoma and a very

good visualization of the

suprasellar compartment with

adequate decompression of the

optic system and the pituitary

stalk with a deviation to the left

side is seen on the ultra low field

ioMRI PoleSTar system
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scanner, which is positioned underneath the operating table

during surgery and can be easily and fast moved up for

scanning purposes. This is the second generation of the

compact ultra low field systems which demonstrates many

refinements compared to the first scanner of this type, which

was introduce by Hadani et al. [12]. A larger gap between the

magnets eases patient positioning and the slightly higher field

strength (0.15 T vs. 0.12 T) lead to improved image quality.

Similar to the N10 system no patient movement is neces-

sary with the PoleStar N20 system when a resection control

scan is required from the surgeon. Based on updated images

acquired within minutes while surgery is paused remaining

tumour can be removed by further navigation- guided resec-

tion. The ioMRI navigation was accurate as described by

other groups [14, 18] and reliable to guide the surgeon during

the procedure. Thus, beside a safe tumour approach also in

patients with residual tumour the use of the PoleStar N20

integrated navigation system allows a precise intraoperative

tracking of residual tumour.

However, the key question for ioMRI in pituitary surgery

is whether or not the implementation of an ioMRI increases

the amount of tumour resection and therefore the number of

complete tumour removal, which is the precondition for

endocrinological cure in patients with secreting tumours.

Although not proven by randomized controlled trials the

use of an ioMRI improved the rate of complete resection

independent of the ioMRI system. This was demonstrated

for both low and high field systems [1 8, 12, 14, 19].

Beside the above described advantages of the PoleStar

N20 system there are also drawbacks associated with its use.

This scanner type has an individually learning curve for

image interpretation. The differentiation of small intrasellar

tumour remnants can be very difficult as described in a

recent series of patients with macroadenomas [11].

This uncertainty of intraoperative interpretation by the

surgeon was due to difficulties in interpretation rather than

a methodological problem of the ioMRI system and confirms

that a high level of experience is necessary for adequate

image interpretation. A comparative post surgery analysis

comparing the intraoperative ultralow filed MR-images and

the 1.5 T standard 3 months images showed these small

residual tumours in the ultra low field obtained images.

The image quality was significantly better for the suprasellar

compartment compared to the intra- and parasellar compart-

ment, which is important to assess the adequate decompression

of the optic pathway and complete removal of suprasellar

tumour parts. This is in accordance with the experience of

other groups using various low field systems [1, 4, 6, 14, 19,

20]. Sufficient decompression of the chiasm is of paramount

significance especially in patients with large invasive para-

sellar tumours, not accessible for complete resection.

Also, for small microadenomas the image quality has

clear limitations and the benefit of intraoperative MRI scan-

ning in those patients is low.

IoMRI resection control of pituitary macroadenomas sig-

nificantly increases operation and total anaesthesia time, but

the information of resection status and the chance for imme-

diate re-exploration and continued resection outweighs the

longer and operation time [11, 13]. The reliable assessment

of the amount of resection increases the patients comfort and

avoids any uncertainty about the grade of resection, which

usually exists postoperatively up to 3 months until a routine

1.5 T MRI documents the actual extend of resection.

Conclusion

The 0.15 T ultra low field ioMRI PoleStar N20 offers imme-

diate reliable resection control for suprasellar tumour parts,

while image interpretation of intra- and parasellar tumours is

difficult. Therefore the correct image interpretation of intra-

sellar compartment has an individually learning curve. After

implementation of the PoleStar N20 System continued

resection increased the amount of resected tumour especially

in patients with intended subtotal tumour removal due to

invasion of the cavernos sinus. The integrated navigation

system displays accurate anatomic information also in

patients with previous surgery.

Disclosure None of the authors has any financial interest in the

methodology being advanced with the publication of our data. TG

serves as a clinical consultant for Medtronic Surgical Navigation Tech

nologies, Louisville, USA.
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Intraoperative MRI for Stereotactic Biopsy

Michael Schulder and David Spiro

Abstract This work aims at demonstrating the value of

intraoperative magnetic resonance imaging (ioMRI) as a

routine tool for stereotactic brain biopsy.

Biopsies were done using the PoleStar N-20 ioMRI

(Medtronic Navigation, Louisville, Colorado, USA) under

general anesthesia. Images were acquired after patient posi-

tioning and after insertion of an MRI-compatible biopsy

cannula. A Navigus guide (Medtronic Navigation) was

used to align and direct the cannula. Retargeting was done

as necessary, to improve placement within the target and to

avoid critical structures, using the system’s integrated infra-

red navigation tool. Cannula placement was tracked using

serial images.

ioMRI-guided biopsy was done in 39 patients, of whom

28 had neoplasms and 11 had non-neoplastic conditions.

Additional OR time related to the use of ioMRI (including

positioning of the patient and magnet, and imaging acquisi-

tion) averaged 1.1 h. In 53% of the surgeries the biopsy

cannula was repositioned based on intraoperative imaging.

A histologic diagnosis was obtained in all but one patient,

with ioMRI confirming proper cannula placement in all

cases. There were no significant hemorrhages on clinical or

imaging grounds nor any other complications.

IoMRI can be routinely used for stereotactic biopsy in a

regular neurosurgical operating environment. While general

anesthesia is used and there is some additional time incurred

from this technology the improved diagnostic yield and

ability to avoid complications make ioMRI an ideal techni-

cal adjunct for brain biopsy.

Keywords Frameless stereotaxy � Intraoperative magnetic

resonance imaging � Stereotactic brain biopsy

Introduction

Techniques for brain biopsy have evolved in relation to the

evolution of imaging methods. Until the advent of computed

tomography (CT) stereotactic techniques, developed primar-

ily for functional neurosurgical operations, were not appli-

cable for morphologic targets except in rare cases. The

advent of CT allowed for free-hand biopsies to be done

with imaging control, but this approach lacked the ability

for any stereotactic localization (except in the plane of a

particular image) [1, 2]. The joining of CT to stereotactic

frames in the mid-1980s allowed for the emergence of ste-

reotactic biopsy as a routine procedure [3, 4]. Several years

later magnetic resonance imaging (MRI) became available

for this use. More recently, surgical navigation technology

(‘‘frameless stereotaxy’’) has become widely accepted. Com-

parison of stereotactic biopsy with a frame or frameless

approach has shown equivalent efficacy and safety between

these techniques.

Intraoperative MRI (ioMRI) was introduced by Black

et al. at the Brigham and Women’s Hospital in the mid-

1990s [5]. The impetus behind this technological leap was

to provide updated images that would account for the

inevitable brain shift that renders information from preop-

erative images unreliable for safe navigation. In addition,

images can of course be used for resection control and to

rule out such complications as hemorrhage or stroke. The

logic of adapting ioMRI for stereotactic biopsy lies in the

ability to ensure accurate and safe placement of the sam-

pling instrument, and to in essence make it an image

controlled and not ‘‘blind’’ surgery. However, the effort

and expense of using ioMRI for stereotactic biopsy a

procedure that is viewed (with reasonable accuracy) as

routine and safe may fairly be questioned.

We describe our experience with the PoleStar N20

(Medtronic Navigation, Louisville, Colorado, USA), a

low field strength ioMRI, designed for use in a regular

neurosurgical operating room (OR), for stereotactic brain

biopsy.
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Surgical Technique

Patients selected for ioMRI-guided biopsy routinely undergo

stereotactic MRI in advance of surgery. This allows confir-

mation that there has been no change in the lesion, for

patients in whom the time between imaging and surgery

is prolonged, and also provides a ‘‘hedge’’ should there be

any technical difficulties with the ioMRI unit. In such an

event surgery can proceed using ‘‘conventional’’ surgical

navigation.

The PoleStar N20 ioMRI has been described in previous

reports. It is the second generation of an innovative device

designed by Hadani and colleagues [6, 7]. In brief, it is based

on a mobile, 0.15 Tesla (T) permanent magnet. The system

is stored in a cage in the back of the OR and brought out

when needed. The OR is shielded against electrical interfer-

ence from outside sources. During imaging, non-filtered

electrical devices are shut off and unplugged. Anesthesia

equipment is MRI-compatible. The magnet poles are sepa-

rated by a 27 cm gap. An integrated infrared navigation tool

is included in the system. The magnet is positioned under the

OR table, raised as needed for imaging, and lowered again at

other times. The low magnet field strength allows for the use

of regular operating tools, including ferromagnetic ones, as

long as the magnet poles are below the OR table.

General anesthesia is used, as patients require three-point

head fixation in the MRI-compatible headholder that is part

of the PoleStar system. Patients are positioned on a regular

OR table. In our experience the prone position should be

used when biopsy targets are located in the posterior half of

the intracranial space; lateral positioning is possible but

somewhat more cumbersome. A disposable, flexible MR

receiving coil is positioned and draped out of the field; this

avoids the need for coil replacement during surgery (Fig. 1).

After acquiring a 6.5 min T1 weighted image (with con-

trast as needed), a surgical plan is made using the desired

target and entry points. If the surgeon wishes, the image may

be exported to the StealthStation software, which resides as

a separate program on the PoleStar computer. An incision

long enough to accommodate the Navigus biopsy guide

(Medtronic Navigation) is made, about 4 cm long. The burr

hole and dural opening are done before seating the Navigus.

The dedicated trackable probe is placed in the Navigus and

aligned with the planned trajectory. A side-cutting MRI-

compatible biopsy cannula is stopped at the appropriate

length and inserted towards the target. The magnet is raised

and short image sequences, between 24 s and 1 min, are

acquired. If cannula position is adequate, then biopsies are

taken at 2 3 levels if possible. A frozen section is requested.

The biopsy cannula is redirected if intraoperative imaging

shows that it is not adequately placed within the lesion, or is

too close to a critical structure such as a blood vessel.

Imaging is repeated after each redirection. After taking the

last specimen and removing the cannula a last image is

acquired to rule out a hematoma.

Patient Data

IoMRI-guided stereotactic biopsies have been done on 39

patients. Their age ranged from 5 years to 86 years, with a

mean of 49 years. There were 25 male and 14 female

patients. Lesion locations, as in other series, reflected

a typical distribution in the brain, including frontal [8],

parietal [8], temporal [9], and occipital [10] lobes. Two

patients had pineal lesions, two in the thalamus, and one

each in the corpus callosum, suprasellar region, midbrain,

Fig. 1 Patient positioned prone

for right parietal stereotactic

biopsy in the PoleStar N20. Note

that the flexible receive coil is

positioned to allow for it to be

draped out of the field. The

reference frame for the infrared

navigation tool is to the patient’s

left
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hypothalamus, and cerebellum. The dominant hemisphere

contained the target in 18 patients. The supine position was

used in 28 patients, while 11 were turned prone.

Results

On one occasion the PoleStar N20 did not properly boot. As

the patient had been referred specifically for ioMRI-guided

biopsy, having had a nondiagnostic biopsy elsewhere, the

procedure was aborted and rescheduled. The number of

scanning sessions ranged from 2 to 9 (including multiple

images as biopsies were obtained), with a mean of 3.5 per

procedure. In 21 cases (53%) the intraoperative image led to

replacement of the biopsy cannula. In 12 patients this change

was made to improve cannula position in the target; in 4

patients, to avoid injury to a critical structure before taking a

biopsy; and in 5 after an initial frozen section did not obvi-

ously show lesional tissue. The additional time needed for

setup and use of ioMRI ranged from 0.5 to 2.0 h, with a men

of 1.1 h. No significant hemorrhage was detected on final

intraoperative images. All patients were neurologically sta-

ble after surgery. There were two deaths in the series due to

progression of pre-existing disease lymphoma in one and

progressive multifocal leukoencephalopathy from AIDS in

the other.

Diagnoses included high grade glioma in 15 patients, low

grade glioma in 11, lymphoma in 1, and embryonal cell

carcinoma in 1; and 10 patients had non-neoplastic lesions,

including 3 bacterial abscesses. In one patient, although

increased cellularity was seen, no definitive diagnosis was

made. Intraoperative images showed the biopsy cannula

to be within the enhancing component of the lesion (this

patient remains neurologically intact, with stable MRI find-

ings, 1 year later).

Case Illustrations

Patient 1. This 44 year old right handed man was transferred

from another hospital, having come to the emergency room

complaining of progressive headache and then left sided

weakness. MRI showed a ring-enhancing lesion in the right

thalamus, with some surrounding edema (Fig. 2a); symp-

toms improved on steroids. The preoperative diagnosis was

high grade glioma. The patient was positioned supine for

biopsy and a right coronal entry point was chosen (Fig. 2b).

Imaging showed the biopsy cannula to be at the enhancing

rim (Fig. 2c). Frozen section showed inflammatory tissue,

and specimens for permanent pathology. Cultures were neg-

ative but pathology confirmed an abscess with gram positive

cocci. The patient was treated with antibiotics and the lesion

regressed.

Patient 2. This 70 year old right handed man presented

with 2 weeks of left hemiparesis. Imaging revealed a ring-

enhancing mass in the right insular cortex, with some

involvement of the right Sylvian fissure. The medial aspect

of the lesion was targeted to avoid injury to Sylvian vessels

(Fig. 3a). Intraoperative imaging resulted in improved can-

nula placement (Fig. 3b, c). The patient proved to have a

high grade glioma.

Discussion

The progress of neurosurgery over the last century has been

marked by decreasing the need for guesswork. The practical

beginning of minimally invasive approaches for brain biopsy

came in the 1980s with the performance of freehand proce-

dures done in CT scanners. A review of several CT-guided

freehand biopsy series showed a diagnostic yield of 90%

(range 79 97%) a mortality rate of 2.5% (0.5 4.7%) and

morbidity rate of 7.8% [2]. For obvious technical reasons,

these procedures were best reserved for patients with rela-

tively large and superficial lesions.

The stereotactic frame, invented by Horsley and Clarke

in 1908, was first adapted for human surgery in 1947 by

Spiegel and Wycis [9]. For nearly 40 years thereafter, frames

were used for functional neurosurgery, using ventriculo-

graphy for guidance. The combination of the stereotactic

concept with CT and then MRI allowed for surgery aimed

at morphologic targets. Interestingly, the published experi-

ence with stereotactic biopsies yielded results that were

grossly similar to those achieved with freehand approaches

(although these series included targets that were smaller and

deeper than those attempted before) [2]. With the advent of

surgical navigation, sometimes called ‘‘frameless stereo-

taxy’’, similar results have been obtained a diagnostic

rate of slightly over 90%, with morbidity and mortality of

0.7 % and 3.5% [11].

Why then bother introducing a new technique for stereo-

tactic biopsy? The answer lies in the continued incidence of

non-diagnostic procedures and the complications, which can

reflect unrecognized intracranial hemorrhage, injury to blood

vessels, or unnecessary entry into critical brain areas. Intrao-

perative imaging offers several advantages in this regard (1)

brain shifts that may occur with dural opening can be

accounted for; (2) if a non-lesional frozen section is obtained,

repeat imaging and targeting can be done during the same

surgery; (3) the surgeon can ensure that the biopsy is taken

from the area most likely to yield a diagnosis; (4) with serial

imaging during biopsy, unnecessary penetrations with the
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Fig. 2 (a) Preoperative ioMRI of

a 44 year old man thought to have

a right thalamic glioma. (b)
Reconstructed triplanar views

showing selected target on

enhancing rim. (c) 24 s T2 ioMRI

shows cannula at the target point.

The lesion proved to be a

bacterial abscess
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Fig. 3 70 year old man with

mass in the right insula. (a)
Targeting of the medial rim of the

tumor, away from Sylvian

vessels. (b) Image acquired after

first pass of cannula. (c) Improved

position of cannula to increase

diagnostic yield, still avoiding

Sylvian fissure. Frozen section

and permanent pathology showed

glioblastoma
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cannula can be avoided; (5) hemorrhage can be ruled out at

the end of the procedure.

For the foreseeable future brain imaging, intraoperatively

or otherwise, will be best done with MRI. IoMRI-guided

biopsy was first described by Black et al., using a 0.5 T

magnet, in their pioneering article [5]. The authors reported

a 100% diagnostic yield for brain biopsy; one patient was

found to have an intracranial hemorrhage that required

surgical evacuation. Bernays et al. reported a series devoted

specifically to stereotactic biopsy, using a specially-

designed, skull-mounted guide. In 113/114 patients a diag-

nosis was made; morbidity was 1.8% and mortality 0.9%

[10]. Hall et al. performed biopsies in a diagnostic 1.5 MRI

suite, modified for surgical use. The first 35 procedures were

done freehand, and the following 40 with a device that

evolved into the Navigus guide. The histological yield was

100%, with morbidity of 2.8% and mortality of 1.4% [12].

Ours is the first series to focus on use of a compact, low-

field ioMRI for stereotactic biopsy. Several small series from

groups using 0.2 T ioMRIs included diagnostic rates of

93 100%, with limited description of technique [8, 13, 14].

Kanner et al. reported their use of the PoleStar N10, which

used a 0.12 T magnet [15]. Their overall experience included

biopsies in 15 patients, all of which were diagnostic. As noted

above, we made a histological diagnosis in all but one of our

patients, but were able to confirm that the biopsy was taken

from the area of interest. In addition, in this and in four other

patients, the ability to image the cannula after receiving a

non-lesional frozen section report allowed for retargeting as

needed, without ‘‘poking the brain’’ based merely on a pre-

operative image. While additional time (mean 1.1 h) was

incurred with the use of ioMRI, this does not take into

account the time saved by avoiding placement of a stereotac-

tic frame and the subsequent imaging session in a diagnostic

scanner. Additional time could be saved by eliminating the

frozen section and relying on the images alone. We feel that

the advantages of intraoperative pathology, which has been

shown to increase the diagnostic yield of stereotactic biop-

sies, outweigh this small prolongation of surgery [16].

Advocates for the high field ioMRI approach note the

improved resolution and the ability to acquire diffusion

weighted imaging, MR spectroscopy or angiography, or

functional images with these systems. It is not clear that

these advanced capabilities, whatever their worth may be,

would be required to perform what should be a routine

procedure, namely, stereotactic biopsy. Compared to these

other ioMRI devices, the PoleStar N20 offers some distinct

advantages. These include the use of a regular OR table in a

regular OR. This allows for patient positioning as dictated by

the surgical approach, and causes minimal disruption to

surgical routine. However, it must be noted that the incom-

plete field of view of the PoleStar N20 may limit imaging of

targets in the posterior fossa.

Other objections that may be raised to this ioMRI-guided

biopsy technique are the need for a bur hole and the longer

incision needed to accommodate the Navigus guide. This

is in contrast to frameless and especially frame-based

approaches where a 5 mm incision and twist drill hole may

suffice. In addition, the Navigus is a disposable device,

whose use brings an added expense to the surgery. Finally,

although intravenous sedation and local anesthetic may be

considered for these cases, the need for 3-point head fixation

and the added time of ioMRI use make general anesthesia far

easier. This is a potential added source of morbidity com-

pared to frame-based biopsies, which typically are done

under local anesthesia.

Conclusions

Stereotactic brain biopsy can be done as a routine procedure

in a low field ioMRI environment. Imaging enables the

surgeon to compensate for brain shift, to re-image and re-

target as necessary, and to rule out intracranial bleeding.

With the increasing adoption of ioMRI at neurosurgical

centers worldwide, we recommend that this be the method

of choice for stereotactic biopsy.

Conflicts of interest statement We declare that we have no conflict

of interest.

References

1. Greenblatt SH, Rayport M, Savolaine ER, Harris JH, Hitchins MW

(1982) Computed tomography guided intracranial biopsy and cyst

aspiration. Neurosurgery 11:589 598

2. Wen DY, Hall WA, Miller DA, Seljeskog EL, Maxwell RE (1993)

Targeted brain biopsy: a comparison of freehand computed

tomography guided and stereotactic techniques. Neurosurgery

32:407 412; discussion 412 413

3. Gildenberg PL (1983) Stereotactic neurosurgery and computerized

tomographic scanning. Appl Neurophysiol 46:170 179

4. Heilbrun MP (1983) Computed tomography guided stereotactic

systems. Clin Neurosurg 31:564 581

5. Black P, Moriarty T, Alexander E 3rd, Stieg P, Woodard E,

Gleason P, Martin C, Kikinis R, Schwartz R, Jolesz F (1997)

Development and implementation of intraoperative magnetic reso

nance imaging and its neurosurgical applications. Neurosurgery

41:831 842; discussion 842 835

6. Hadani M, Spiegelman R, Feldman Z, Berkenstadt H, Ram Z

(2001) Novel, compact, intraoperative magnetic resonance imaging

guided system for conventional neurosurgical operating rooms.

Neurosurgery 48:799 807

7. Schulder M, Salas S, Brimacombe M, Fine P, Catrambone J,

Maniker AH, Carmel PW (2006) Cranial surgery with an expanded

compact intraoperative magnetic resonance imager. Technical

note. J Neurosurg 104:611 617

86 M. Schulder and D. Spiro



8. Tronnier VM, Wirtz CR, Knauth M, Lenz G, Pastyr O,

Bonsanto MM, Albert FK, Kuth R, Staubert A, Schlegel W,

Sartor K, Kunze S (1997) Intraoperative diagnostic and interven

tional magnetic resonance imaging in neurosurgery. Neurosurgery

40:891 900; discussion 900 902

9. Gildenberg PL (1990) The history of stereotactic neurosurgery.

Neurosurg Clin N Am 1:765 780

10. Bernays RL, Kollias SS, Khan N, Brandner S, Meier S, Yonekawa Y

(2002) Histological yield, complications, and technological con

siderations in 114 consecutive frameless stereotactic biopsy pro

cedures aided by open intraoperative magnetic resonance imaging.

J Neurosurg 97:354 362

11. Woodworth GF, McGirt MJ, Samdani A, Garonzik I, Olivi A,

Weingart JD (2006) Frameless image guided stereotactic brain

biopsy procedure: diagnostic yield, surgical morbidity, and com

parison with the frame based technique. J Neurosurg 104:233 237

12. Hall WA, Martin AJ, Liu H, Nussbaum ES, Maxwell RE,

Truwit CL (1999) Brain biopsy using high field strength interven

tional magnetic resonance imaging. Neurosurgery 44:807 813

13. Bernstein M, Al Anazi AR, Kucharczyk W, Manninen P, Bronskill M,

Henkelman M (2000) Brain tumor surgery with the Toronto open

magnetic resonance imaging system: preliminary results for 36

patients and analysis of advantages, disadvantages, and future

prospects. Neurosurgery 46:900 907; discussion 907 909

14. Fahlbusch R, Ganslandt O, Nimsky C (2000) Intraoperative imag

ing with open magnetic resonance imaging and neuronavigation.

Childs Nerv Syst 16:829 831

15. Kanner AA, Vogelbaum MA, Mayberg MR, Weisenberger JP,

Barnett GH (2002) Intracranial navigation by using low field

intraoperative magnetic resonance imaging: preliminary experi

ence. J Neurosurg 97:1115 1124

16. Kim JE, Kim DG, Paek SH, Jung HW (2003) Stereotactic biopsy

for intracranial lesions: reliability and its impact on the planning

of treatment. Acta Neurochir (Wien) 145:547 554; discussion

554 555

Intraoperative MRI for Stereotactic Biopsy 87





The Evolution of ioMRI Utilization for Pediatric Neurosurgery: A
Single Center Experience

Thomas M. Moriarty and W. Lee Titsworth

Abstract From its inception intraoperative magnetic reso-

nance imaging (ioMRI) was envisioned to have significant

applications in neurosurgery in general and pediatrics spe-

cifically. Over the last 9 years we have noted a dramatic shift

in our ioMRI usage from intracranial tumors to cerebrospi-

nal fluid management and complex cysts. Here we present

seven selected cases to illustrate lessons learned from our

operative experience within the GE Signa SP/I open-config-

uration ‘‘double-doughnut’’ MRI. These cases including a

ganglioglioma, ependymoma, and pilocytic astrocytoma

tumor resection, as well as arachnoid cysts, complex cyst,

and microabscess drainage reflect our current use of ioMRI

in pediatric neurosurgical cases. Namely that ioMRI is opti-

mal for (1) resection of small tumors with poorly differen-

tiated tumor margins, (2) large tumors with mass effect, and

(3) shunt or catheter placement requiring either extreme accu-

racy or intraoperative confirmation of catheter placement. We

also comment on the legitimate limitations of this technology

in certain operations. Additionally emphasized are cases in

which ioMRI imaging drives operative decision making,

highlighting the unique and unequaled abilities of this tech-

nology for a subset of pediatric neurosurgical cases.

Keywords Catheter � CSF diversion � Ependymoma �
Ganglioglioma � Interventional MRI � Intracranial abscesses
� Intracranial tumors � Neurosurgery � Pediatric neurosurgery
� Subarachnoid cyst

Introduction

The first intraoperative MRI system (ioMRI) was a collabo-

rative product between researchers at the Brigham and

Women’s Hospital in Boston, MA, and General Electric

Medical Systems first implemented in 1996 [1]. The first

ioMRI pediatric neurosurgery was performed on a small

cerebellar tumor soon after. From its inception, ioMRI was

seen as a tool most suited to neurosurgical application and

was anticipated to have particular utility in tumor, epilepsy,

hydrocephalus, cystic lesions, and potential for minimally

invasive surgery [1, 2]. This subset of cases predicted that

ioMRI would hold particular value in pediatric neurosur-

gery. Here we present a review of the ioMRI usage from

2000 to 2009 from a pediatric neurosurgery perspective

using the GE double doughnut system.

There are currently three basic ioMRI concepts which can

be categorized as either low, mid, or high-field systems.

Low-field ioMRI consists of a 0.12-T magnet mounted direct-

ly on the OR table. When not in use the two 40-cm diameter

discs, located 25 cm apart, are kept under the table. This

device, which was originally designed by Odin, is available

now through Medtronic as the Polestar [3]. While offering a

lower startup cost, this product has significantly poorer

image quality and limited MR capabilities. In contrast,

mid-field ioMRI, originally developed by GE, consists of a

‘‘double-doughnut’’ design in which the surgeon operates

while imaging. The physical design utilizes two supercon-

ducting magnets spaced 58 cm apart. This system offers the

advantage of good quality images in a timely manner; how-

ever ergonomics and the requirement of special instrumen-

tation limit its application in some surgeries. High-field

systems utilize either a 1.5-T magnet that comes to and

from the patient or requires moving the patient in and out

of a stationary magnet [2, 4, 5]. These systems offer the

advantage of improved images and the use of ferromagnetic

instrumentation during portions of the operation but trans-

port time limits the speed of image acquisition. Some recent

versions of this configuration are the IMRIS, BrainSUITE,
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GE Amiga, and the Phillips system. A more thorough dis-

cussion of each system can be found elsewhere [6]. While

pediatric neurosurgery has been performed on each of these

configurations, this discussion will be limited to our experi-

ence with the GE double doughnut ioMRI.

Historical Use of ioMRI in One Institution

From 2000 to 2009 we utilized a Signa SP/I open-

configuration ‘‘double-doughnut’’ MRI (GEMedical Systems,

Milwaukee, WI, USA). Our ioMRI suit is a fully functional

operating room located in the adult surgical facility with

direct access to the pediatric hospital. Over the last 9 years

we have preformed 610 neurosurgical cases, 282 of which

were pediatric neurosurgery, with a majority of cases being

craniotomies (44%), cyst management (25%), or CSF diver-

sion (16%). Within our pediatric caseload we noticed a shift

in usage over this time. During the first 2 years of service

76% of pediatric cases were craniotomies for the removal of

masses while only 24% were either cyst drainage or CSF

diversions. In contrast, over the last 2 years only 35% of

pediatric cases were craniotomies while 65% were now

complex cysts or shunts. This shift occurred secondary to

our recognition of this systems strengths and limitations.

Particularly we realized that not all tumors were ideally

suited for ioMRI and secondly this technology is unrivaled

in targeting small foci because it provided stereotaxis with

instant real-time feedback and no discordance between real-

ity and the virtual construct.

ioMRI Utilization in Tumors

During the initial days of our ioMRI usage we attempted a

broad range of tumor operations within the ioMRI suit. Over

time it became clear that ioMRI facilitated the removal of

supratentorial tumors but had ergonomic challenges in pos-

terior fossa tumors operations. However, it remained a good

tool for posterior fossa stereotaxy as the following cases will

illustrate. Traditionally low-grade gliomas are particularly

difficult to remove since neoplastic tissue so closely resem-

bles normal tissue in these lesions [7, 8]. However, patients

who underwent subtotal resection are 1.4 times more like to

have disease recurrence and have almost 5 times the risk of

death relative to patients who underwent gross total resec-

tion [9]. In cases such as these, ioMRI is an ideal tool for

removal of all necessary malignancy while maximally

sparing native tissue. Case #1 is a 14 year old male who

presented with a seizure disorder and was subsequently

found to have a right temporal low grade ganglioglioma

(WHO I) (Fig. 1a c). While preoperative T1 sequence

showed little abnormality, T2 images demonstrated a clear

unifocal lesion suggesting the possibility of gross total

resection [8]. Intraoperative T2 weighted sequences allowed

proper localization of the lesion and a clean resection of a

woody mass was achieved without disturbing normal tissue.

Repeat imaging at 2 years showed no residual tumor and the

patient remained seizure free.

In contrast to diminutive lesions, ioMRI also shows advan-

tages over static stereotaxy in large intracranial masses. Case

#2 is an 11 year old male with a 6�5.7�4.6 cm3 anaplastic

ependymoma (WHO III) with marked surrounding edema

a Case #1

Case #2

b c

d e f
Fig. 1 Case #1: Low grade

Ganglioglioma. T2 weighted

preoperative (a) and
intraoperative (b, c) images. Note

the pointer in (b) used for

localization. Case #2: Anaplastic
ependymoma. Preoperative (d),
intraoperative (e), and 5 month

postoperative images (f). Note
significant surrounding edema

and mass effect (d)
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(Fig. 1d f). Again subtotal resection of these tumors has been

shown to affects outcomes [10, 11]. ioMRI allowed access to

the tumor via the most direct pathway similar to what is

achieved with static stereotaxy. Next the small cystic compo-

nent of the tumor was decompressed. However, frequent

intraoperative imaging was used to quickly debulk the

tumor. We were then able to remove the lesion along a clear

plane. Five month postoperative images showed a barely

perceptible surgical cavity. Four and a half years later the

patient remains free from recurrence. The challenge of this

operation in regards to image guided surgery was twofold.

First, after craniotomy the shifting of intracranial contents

rendered all preoperative images useless. Secondly, the

surrounding edema so distorted normal tissue so as to

obscure the tumor margins. Using ioMRI to quickly debulk

the tumor allowed decompression of the surrounding tissue

and brought into view a natural tissue plane.

However, this technology is not well suited to all tumors.

First, we have learned through experience that ioMRI holds

little advantage over the standard operating facilities for the

resection of tumors with clear margins. Additionally the

limited operative environment in the ‘‘double doughnut’’

design actually hinders this systems application in posterior

fossa approaches. This is demonstrated by Case #3 in which

a 5 year old female who presented with a posterior fossa

pilocytic astrocytoma (Fig. 2a c). Due to the 58 cm of

operative space in the ‘‘double doughnut’’ system this ap-

proach can only be achieved by moving the prone patient

superiorly while the surgeon is forced to abut the inferior

magnet (see Fig. 2d, e). In this case, even with repositioning,

the most superior portion of the tumor, which was clearly

visible on ioMRI, remained unseen from the surgeon’s

viewpoint. Due to the potential spontaneous regression of

these benign tumors the decision was made not to retrieve

the unseen residual tumor and follow the patient with serial

scans, a treatment option which has been well described by

Hayward and colleges [12]. While we found posterior fossa

approaches particularly challenging in the ‘‘double dough-

nut’’ system it should be noted that successful posterior fossa

operations have been achieved with other ioMRI designs

that allow more surgical freedom, such as the low-field

Polestar [13] and the high-field systems.

However posterior fossa stereotactic procedures are

unencumbered by the limited operative space within the

double doughnut since catheter or probe placement does

not require direct visualization by the surgeon. The advan-

tage of utilizing ioMRI in these cases is the continually

updated image information allows more precision when

operating near eloquent anatomy of the brain stem. Case

#4 is a 5 year old female who presented with increasing

problems piano playing, gait changes, vision changes, and

mild facial droop. Subsequent imaging revealed a cystic

astrocytoma of the midbrain. Chemotherapy was initiated

however the enlarging cyst was causing obstructive hydro-

cephalus and worsening of symptoms. Therefore it was

decided to place a catheter through the right cerebellar

hemisphere into the cystic component using ioMRI. Follow-

ing placement of the catheter and confirmation in three planes

by ioMRI, 15 cc of fluid was removed and a Rickham reser-

voir was attached and secured. The patient then continued her

chemotherapy regimen without incident. Follow-up imaging

showed incremental improvements until no sign of tumor or

enhancement remained at 2 years postoperatively. She has

remained free from recurrence for 8 years.

a
Case #3

Case #4

b c

d e

f g h i

Fig. 2 Case #3: Cerebellary
pilocytic astrocytoma.

Preoperative (a), intraoperative
(b), and 5 year postoperative

image following resection (c).
Surgical position inside ‘‘double

doughnut’’ ioMRI (d, e). Posterior
fossa operations are made

significantly more challenging by

requiring placement of the patient

superiorly and rotation of the

surgeon inferiorly (d). Case #4:
Midbrain cystic astrocytoma.

Note close proximity to midbrain

structures. Preop (f), intraop (g, h)
and 5 year postop images (i)
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ioMRI Utilization in Cyst Management
and CSF Diversion

Time has also shown ioMRI to be particularly effective in

surgeries requiring precise localization. In our pediatric neu-

rosurgical experience this has been most appreciated in

difficult CSF diversions, complex cysts drainage, and place-

ment of catheters near areas of eloquent anatomy. While

most static frameless stereotactic guidance systems which

rely on preoperative images can aid in surgical planning,

these systems can not verify proper placement intraopera-

tively. Additionally static stereotaxy does not offer a dynamic

view of operative changes (i.e. hemorrhage [14]) or guid-

ance during the actual placement of the catheter because

they lack real-time image revision. In contrast, ioMRI offers

all three. An example of ioMRI driving surgical decision

making in shunt placement is Case #5, a 3 year old who

presented with pseudotumor cerebri, small ventricles, and

intracranial hypertension (Fig. 3a d). Using ioMRI, we eas-

ily and precisely place a catheter into the ventricles on the

first pass. In addition to CSF return, accurate placement of

the shunt was confirmed in the operating room prior to

closure. Within this ioMRI system spatial coordinate experi-

ments reveal a mean overall error in acquisition of only

0.2 mm [14 16].

The accuracy of ioMRI is similarly illustrated by cases

such as that pictured in Fig. 3e g. Case #6 is a 13 year old

female with a seizure disorder who was admitted for increas-

ing seizure activity, right-sided weakness, and pneumonia.

She was subsequently discovered to have multiple brain

abscesses. When obtaining culture material we elected to

use the ioMRI facility due to the small size of these abscess-

es. With each catheter pass we could feel the tip hit the lesion

and then slide off. With confirmation from intraoperative

imaging the accuracy of our trajectory was not in question.

Therefore we felt confident in attempting more invasive

measures to perforate the abscesses wall. We enlarged the

burr hole slightly, followed the tract with bipolar cautery and

a #5 sucker, and entered the tense abscess rim exposing

purulent material. Cultures obtained during this procedure

grew streptococcus intermedius. Six month follow up imag-

ing showed almost no sign of pathology.

As stated before, ioMRI is most useful when its real-time

images drive surgical decision making. This is a function

that cannot be duplicated by static frameless stereotaxis

which relies on preoperative images. This is no truer than

while shunting loculated cysts. Case #7 is a 9 year old male

who presented with signs and symptoms of increased intra-

cranial pressure. Subsequent imaging showed a complex

cyst in the posterior right lateral ventricle (Fig. 3h k). The

septa can be clearly appreciated on the preoperative images

(Fig. 3h). On the initial catheter placement CSF was

obtained. However, after reviewing the intraoperative

images, it was clear that the catheter had deviated medially,

deflecting off the cysts (Fig. 3i). During a second attempt the

shunt can be seen piercing the septa as it traverses the cyst

and enters the left lateral ventricle, which was confirmed in

three plains (Fig. 3j). ioMRI, while substantially more ex-

pensive that endoscopy, holds several key advantaged for

catheter placement as illustrated by this case. First, the

a

e

h Case #7

Case #5

Case #6

i j k

f g

b c d

Fig. 3 Case #5: Intracranial
Hypertension with Slit Ventricles.

Preoperative CT (a),
intraoperative MRI showing stent

placement on first pass (b, c), and
post operative CT images (d).
Case #6: Abscess Drainage.
Preoperative image (e) showing
patient with multiple small strep

positive abscesses. Intraoperative

imaging immediately prior to and

following abscess drainage (f, g).
Case #7: Multiloculated

Intraventricular Cyst.

Preoperative (h) and
intraoperative images showing a

missed first pass (i) and a

successful fenestration (j).
Postoperative image showing

decreased left lateral ventricle
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altered anatomy of a complex cyst can be confusing. This

often results in the surgeon having to pierce tissue plains

blindly without knowledge of which cavity or structures they

might be entering. Secondly, endoscopic views are often

obscured by blood or debris rendering the endoscope

useless. Third, as with shunt placement, endoscopy only

provides feedback once a cavity has been pierced while

ioMRI allows guidance through parenchyma as well as

within fluid filled spaces. Fourth, ioMRI allows verification

of shunt placement and allows assurance that all loculi have

been violated prior to closure.

In 1996 the few ioMRI systems under development were

predominantly housed within research universities. In 2009

over 100 systems are now in operation with a significant

number in large clinical centers, thus indicating a shift in

ioMRI from predominantly research applications to more

widespread clinical usage. Additionally, while only 3% of

United States hospitals have access to ioMRI facilities, 17 of

the 170 children’s hospitals have access, further indicating

ioMRI’s usefulness in pediatric neurosurgical cases. Addi-

tionally, private conversations within the field indicate

that many other pediatric institutions plan to acquire this

technology soon.

Summary

The general advantages of ioMRI have been explained else-

where [15, 17, 18]. In brief the major advantages offered are

continually updated dynamic images with a high level of

accuracy in a timely manner [14]. However, here we present

lessons learned in 9 years of ioMRI utilization in relation to

pediatric neurosurgery. In short, within this population

ioMRI is ideal for . . .

1. Small, discrete tumors with poor normal/abnormal differ-

entiation.

2. Large tumors with surrounding edema that . . .

(a)Obscures the normal/abnormal differentiation, or

(b)Causes a mass effect that will alter the anatomy sig-

nificantly from preoperative images after craniotomy.

3. Catheter/CSF diversion when the target . . .

(a)Is small

(b)Is surrounded by eloquent anatomy, or

(c)Verification of shunt placement and not merely CSF

return is required (i.e. multiloculated or intraventricu-

lar cysts).

The only relative contraindication that we have discov-

ered in this particular system is the posterior fossa approach.

As a result of these observations, the number of pediatric

ioMRI cases in our institution has actually decreased over

the last 10 years due to more selective use of this technology.

However, while a majority of pediatric neurosurgical cases

can be performed in standard operating room; select cases,

such as those detailed above, are made distinctly easier and

safer by utilizing ioMRI. This suggests that certain cases will

remain within the purview of this technology. Also given the

ever expanding capabilities of MR the abilities of ioMRI

will only continue to expand [19].
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Implementation and Preliminary Clinical Experience with the
Use of Ceiling Mounted Mobile High Field Intraoperative Magnetic
Resonance Imaging Between Two Operating Rooms

Michael R. Chicoine, Chris C. H. Lim, John A. Evans, Amit Singla, Gregory J. Zipfel, Keith M. Rich, Joshua L. Dowling,
Jeffrey R. Leonard, Matthew D. Smyth, Paul Santiago, Eric C. Leuthardt, David D. Limbrick, and Ralph G. Dacey

Abstract Objective: Intraoperative magnetic resonance

imaging (ioMRI) provides immediate feedback and quality

assurance enabling the neurosurgeon to improve the quality

of a range of neurosurgical procedures. Implementation of

ioMRI is a complex and costly process. We describe our

preliminary 16 months experience with the integration of an

IMRIS movable ceiling mounted high field (1.5 T) ioMRI

setup with two operating rooms.

Methods: Aspects of implementation of our ioMRI and our

initial 16 months of clinical experience in 180 consecutive

patients were reviewed.

Results: The installation of a ceiling mounted movable

ioMRI between two operating rooms was completed in

April 2008 at Barnes-Jewish Hospital in St. Louis. Experi-

ence with 180 neurosurgical cases (M:F 100:80, age range

1 79 years, 71 gliomas, 57 pituitary adenomas, 9 metastases,

11 other tumor cases, 4 Chiari decompressions, 6 epilepsy

resections and 22 other miscellaneous procedures) demon-

strated that this device effectively provided high quality

real-time intraoperative imaging. In 74 of all 180 cases

(41%) and in 54% of glioma resections, the surgeon mod-

ified the procedure based upon the ioMRI. Ninety-three

percent of ioMRI glioma cases achieved gross/near total

resection compared to 65% of non ioMRI glioma cases in

this time frame.

Conclusion: A movable high field strength ioMRI can be

safely integrated between two neurosurgical operating

rooms. This strategy leads to modification of the surgical

procedure in a significant number of cases, particularly for

glioma surgery. Long-term follow up is needed to evaluate

the clinical and financial impact of this technology in the

field of neurosurgery.

Keywords Brain tumors � Gliomas � High field intraoperative
magnetic resonance imaging � ioMRI � Neurosurgery � Pitui-
tary adenomas

Introduction

Improvements in the operating theatre have been advancing

for centuries [1], but never at such a rate seen in recent years.

Applications of technological advancements are perhaps

more apparent in neurosurgery than in any other surgical

specialty. Over the past decade advancements in frameless

stereotaxy and ioMRI have enhanced the neurosurgeon’s

capability to navigate the complex anatomy of the central

nervous system, improve on safety and efficacy of neurosur-

gical procedures and optimize patient outcomes for many

diseases affecting the brain [2 12].

A variety of ioMRI devices (high/low field, fixed/mov-

able magnets) can be implemented in neurosurgical

operating rooms. IoMRIs have been shown to improve the

extent of resection especially in gliomas and pituitary ade-

nomas and this translates into improved patient outcomes

and survivals [9, 13 18].

The newest generation of high-field strength ioMRIs

offers potential for improvements yet to be realized by the

earlier generations of these devices. Through collaboration

between Washington University, Barnes-Jewish Hospital,

St. Louis Children’s Hospital and IMRIS (Winnipeg, Man-

itoba, Canada) installation was completed of one of the first

movable ceiling mounted high field strength ioMRI devices

in the world that can be accessed and utilized from either of

the two operating rooms (Fig. 1a). Integration of ioMRI into

the operating room is a complex and costly process. We

describe the process of integration of this ioMRI device
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into our operating rooms and our initial 16 months experi-

ence with 180 cases.

Methods

A review was made of the financial, architectural, engineer-

ing, and marketing aspects of planning for and implementa-

tion of an IMRIS ceiling mounted movable ioMRI device

situated between two multi-purpose neurosurgical operating

rooms.

A prospective database has been established and main-

tained with approval of the Washington University Human

Studies Institutional Review Board to monitor outcomes for

all patients undergoing ioMRI procedures. A retrospective

analysis of the database was performed to assess the clinical

attributes, the impact on the surgeon’s decision-making pro-

cess, workflow issues and the preliminary outcomes of the

180 cases performed in the initial 16 months of experience.

Results

MRI Installation and Integration

Preparation for installation of an ioMRI included analysis of

the commercially available ioMRI devices and our team

visited other facilities internationally to assess these devices

(Phillips and Hitachi open MRI, Medtronic Odin, BrainLab

BrainSuite and the IMRIS ceiling mounted ioMRI) and to

see them in use. High-field magnets provided better image

resolution and more versatility for current and future imag-

ing modalities, but with greater associated costs and more

complex implementation issues. The BrainSuite offered

appealing features including integration of surgical planning

technology and high-resolution imaging. The IMRIS ioMRI

device is ceiling mounted and movable, the operating table

and patient remain in a fixed position and the device moves

to the patient. This feature in our view enhances safety in

terms of airway control, monitoring and head fixation. Also

for our high volume center, two-room ioMRI access would

add flexibility in terms of scheduling and room utilization.

Standard surgical instruments could be used and these fully

equipped operating rooms can be adapted to serve as multi-

purpose operating rooms for any surgical case when the

ioMRI is not in use.

The installation of an ioMRI was associated with com-

plex architectural, engineering and safety issues and this was

integrated into a major renovation project encompassing

over 60 operating rooms with an estimated budget of US

$100 million over a 2 year period. Alternative solutions

including installation into the department of radiology

were impractical with respect to workflow, efficiency and

safety.

The integration of ioMRI into our current neurosurgical

armamentarium was intended to improve the precision,

efficacy and safety of neurosurgical procedures. Within the

Fig. 1 (a) Line drawing
depicting the IMRIS 2 room

ioMRI model. Patient entry bore

of the magnet is rotated to face

either operating rooms within the

storage bay prior to moving out

from storage to its final position.

Gauss lines depicted (50G line

(red) and 5G line (black)) when
the ioMRI is in final imaging

position (image courtesy of

IMRIS); (b) sterile ‘‘C arm’’

drape covering patient and

operating table with upper portion

of 8 channel ioMRI coil in place;

(c) opening doors to the magnet

bay in preparation for moving

ioMRI device to the patient for

imaging (note the ceiling

mounted tracts); (d) after 90 s

ioMRI device is in its final

position for acquisition of images
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current coding system, direct billing and reimbursement for

the addition of the ioMRI is rather limited. A shared diag-

nostic and intraoperative model could help reimburse the

cost from diagnostic revenues generated but was not feasible

in our setup. Economic reimbursement stems from the po-

tential marketing impact. As one of the first centers world-

wide to employ this latest state of the art technology, it

uniquely strengthens our position to offer improved patient

care at local, regional, national, and international level.

Upon completion of the project, rigorous training pro-

grammes and simulations were instituted for all personnel

involved to improve safety and efficiency. Access to the

ioMRI area is restricted through ioMRI security protected

doors. As a fully functional 1.5 T MRI device with a large

patient-entry bore (70 cm), the Siemens Espree MRI scanner

integrated into our IMRIS ioMRI suite offers full MRI

capability in a wide range of clinical and research utilization.

Some modifications of the surgical environment were

necessary with the ioMRI. The IMRIS operating table has

the ability to elevate, rotate, flex and had allowed us to

perform our operations (146 supine, 27 prone and 7 lateral

cases) in almost any surgical position. The 3-pin ioMRI head

holder is made to hold the lower half of the MRI coil and

attaches to the operating table in a novel fashion. It has

required some minor adjustments in order to incorporate it

into routine use. The ioMRI compatible anesthesia machine

perhaps does not have all of the capabilities of a standard

anesthesia machine but has been more than adequate for

even complex surgical procedure so far.

We have also incorporated the Medtronic Stealth frame-

less stereotaxy and endoscopy systems with large high defi-

nition flat panel wall and touch screen monitors with

tracking cameras on ceiling mounted booms into our

ioMRI rooms which facilitate work flow well.

When the ioMRI is required, appropriate patient draping

and safety checks are completed (Fig. 1b). All equipment,

surgical instruments, and ferromagnetic objects are moved

outside the 5 Gauss line (delineated with colored floor

tiling). A floor space in excess of 850 sq ft for each operating

room enables us to move the equipment to a safe distance

without having to remove the equipment from the room. The

ioMRI device moves from storage to imaging position in

90 s (Fig. 1c, d).

Initial 16 Months Clinical Experience

Between April 2008 and August 2009, 187 ioMRI cases were

performed. Seven cases were excluded (four planning MRI

only, one image distortion from ET tube, one large body

habitus and one technical failure). Of the remaining 180

patients (M:F 100:80, age range 1 79 years, median

44 years), 71 were gliomas, 57 pituitary adenomas, 9 metas-

tases, 5 craniopharyngiomas, 2 clival chordomas, 2 meningio-

mas, 3 hemangioblastomas, 1 medulloblastoma, 1 trigeminal

schwannoma, 6 resections for epilepsy, 4 Chiari decompres-

sions and 19 other procedures for cyst aspiration/resection,

biopsy or catheter placement. On 23 occasions, both of the

operating rooms were used simultaneously for 46 ioMRI-guid-

ed procedures. In 74 of 180 cases (41%) the surgeon modified

the surgical procedure based upon the findings of ioMRI.

Gliomas: For the 71 glioma patients (34 high/37 low

grade), tumor resections were performed in 68 cases (32

high/36 low grade) and the remainder underwent two biop-

sies and one cyst aspiration. Awake techniques were incor-

porated into eight of these resections (six high/two low

grades). Thirty-seven of 68 resections (54%) had additional

tumor resected after ioMRI (Fig. 2). For the subset of 36

low-grade gliomas (World Health Organization, WHO I II),

additional tumor was resected in 15 cases (42%). Twenty-

two of the 32 (69%) high-grade glioma (WHO II IV) patients

had further resections. Pathological analysis of post ioMRI

resection materials revealed tumor in 23 of the 29 specimens

received (79%). Six specimens were negative for tumor and

additional eight specimens were not analyzed.

Pituitary Adenoma: Fifty-seven resections were per-

formed (55 transphenoidal, 2 transcranial) in 56 patients.

IoMRI revealed possible residual tumor in 37 cases (65%)

(Fig. 3). Nineteen cases were not re-explored as it was felt

unsafe. Thirteen of the 18 explored had further resection, 4

had no tumor visualized and 1 had tumor encasing the

carotid. Of the nine post ioMRI resection pathology speci-

mens received, eight were positive for tumor.

Metastases: For the nine resections of brain metastases

performed, ioMRI after initial tumor resection suggested

residual tumor in five cases (56%). Four cases were explored

and histology revealed tumor in two.

Chiari Malformations: IoMRI was completed after sub-

occipital craniotomy and C-1 laminectomy with dural band

release without durotomy in four cases. In all cases ioMRI

(anatomical) did not convincingly demonstrate adequate

decompression and therefore duraplasties were performed.

Post duraplasty ioMRI showed improved decompression in

all cases.

Aspiration/Biopsy: The ioMRI has been used in 19 cases

to guide and assess the adequacy of biopsies, catheter inser-

tions and cyst aspirations/resections but did not lead to any

modifications of the procedures.

Epilepsy Resections: Six cases used ioMRI to assess the

extent of resection for an epileptogenic focus. IoMRI con-

firmed accurate localization of resection in all. Three of six

cases lead to additional surgical resection.

Wound Infections and Safety: Due to the increased

duration of surgery and the additional sterile draping and

undraping procedures necessary to perform an ioMRI, one
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might predict an increased risk of surgical infection. Thus far

no surgical wound infections have been identified for the

180 procedures that have been completed to date. Using a

rigid set of safety guidelines, instrument counting and other

checklist strategies, no projectile objects or other safety

issues have been identified thus far with the use of this

movable high field ioMRI device.

Time intervals and workflow: Preparation time for ioMRI

averaged 21 min (7 66 min). Scanning time averaged

41 min (15 104 min). Post ioMRI time averaged 16 min

(3 63 min) to the start of further resection or wound closure.

Total operating room (OR) times were calculated for the

two largest subgroups, namely glioma (resection and non-

awake cases) and pituitary adenoma (transphenoidal) to

determine if delay occurs when ioMRI cases were carried

out in two rooms simultaneously. When two rooms were

used in tandem, total OR time averaged 466 min for glioma

(n¼16) and 398 min for pituitary adenoma (n¼17), com-

pared to 485 min for glioma (n¼44) and 423 min for pitui-

tary adenoma (n¼38) when one room was used.

Discussion

An IMRIS ioMRI suite consisting of two operating rooms on

either side of a movable high field strength 1.5 T magnet was

successfully installed in April 2008. Barnes-Jewish Hospital

is one of the few facilities in the world to have this advanced

intraoperative imaging capability with access from two

adjacent operating rooms. The concept of ioMRI has been

available for over a decade, but recent advances make this

Fig. 3 Sample pituitary adenoma case. (a) Preoperative MRI (left) of large non functioning pituitary macro adenoma with suprasellar extension.

(b) ioMRI (middle) demonstrated evidence of residual tumor on the left side which prompted further resection of tumor. There is evidence of the

autologous adipose graft in the right aspect of the sella. (c) Postoperative MRI (right) demonstrating resection of the residual tumor identified on

the ioMRI

Fig. 2 Sample glioma case. (a) Preoperative MRI (left) of right frontal anaplastic oligodendroglioma prior to surgery. (b) ioMRI (middle) after
initial resection demonstrated residual tumor at the posterior margin of the resection cavity which prompted further resection of tumor.

(c) Postoperative MRI (right) demonstrating resection of the residual tumor identified on ioMRI
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technique more versatile than ever before. Intraoperative

MRI offers immediate feedback to the surgeon so that

the extent of resection might be determined. Increasingly

evidence indicates that a more complete surgical resection is

associated with increased survival for both low and high-

grade gliomas, and that the extent of resection can be

improved with the use of ioMRI [14, 16, 17, 19, 20, 24].

Our preliminary experience with 68 glioma resections

indicates that the MRI device enabled the neurosurgeon to

improve the extent of resection in 54% of cases, including

42% for low-grade gliomas and 69% of high-grade gliomas.

Ninety-three percent (n¼71) of ioMRI cases achieved gross/

near total resection compared to 65% (n¼53) of non ioMRI

cases in this time frame based on MRI scans within 72 h

post-op. Continued monitoring of these patients will provide

information on the impact of ioMRI upon survival.

Maximal safe resection is typically the goal for pituitary

surgery. Most lesions are adequately assessed via the trans-

phenoidal route, but there are limitations to visualization

because of the depth of the surgical approach and the limited

corridor that can be establish through the anterior face of the

sella. The endoscope circumvents some of these limitations

by providing a more panoramic view especially when

coupled with contemporary high definition/3D video equip-

ments. Nonetheless, unintentional incomplete resection of

pituitary adenomas through the transphenoidal approach

remains a potential issue. Previous reports have shown

residual adenoma in 39 66% leading to additional resection

in 22 66% of cases [9, 13]. Our initial experience with 57

cases is consistent with prior reports in that ioMRI showed

evidence of probable residual tumor in 37 cases (65%).

Eighteen of these were explored (32%) and 13 had further

resections, 4 were not visible and 1 found encasing the

carotid artery. With the continued evolution of surgical

techniques for pituitary tumors in recent years including

the application of surgical navigation and endonasal endos-

copy, the precise role and benefit of ioMRI remains to be

defined.

Surgical resection of brain metastases is well established,

particularly for solitary lesions. Metastatic tumors typically

appear well encapsulated and readily resectable yet surgery

alone is associated with significant rates of local recurrence.

Because of this, post-operative radiation is typically recom-

mended [21 23]. IoMRI in our small series showed suspi-

cious areas in five of the nine patients, yet histopathological

evidence of tumor is verified in only two of the four cases

explored. The role of ioMRI for resection of brain metas-

tases and the significance of the intraoperative MRIs needs

further refinement.

The number of cases in the remainder of this review is too

few to draw hard conclusions. These cases do show that

ioMRI can be used effectively for a wide range of neurosur-

gical procedures but the full potential of application of this

technology in the neurosurgical operating room remains to

be seen.

The two-room model serves us well. There was no signif-

icant workflow delay noted when the two ioMRI rooms were

used in tandem.

Conclusion

A movable high field strength ioMRI can be integrated into

neurosurgical practice and provide real time high quality

imaging to guide the surgical treatment of brain tumors

and other diseases. This technique provides immediate feed-

back to assess the adequacy of surgery. This strategy leads

to modification of the surgical procedure in a significant

number of cases, particularly glioma surgery in which

ioMRI may suggest need for additional resection in every

second case. Long-term follow up is needed to evaluate the

clinical and financial impact of this technology in the field of

neurosurgery.
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High-Field ioMRI in Glioblastoma Surgery: Improvement
of Resection Radicality and Survival for the Patient?

H. Maximilian Mehdorn, Felix Schwartz, Stefan Dawirs, Jürgen Hedderich, Lutz Dörner, and Arya Nabavi

Abstract Since the first patients underwent intracranial

tumor removal with the radicality control of intraopera-

tive MRI (ioMRI) in September 2005 in our department,

the majority of operations performed in the ioMRI room

have been indicated for high grade gliomas. In order to eluci-

date the role of ioMRI scanning in patients harboring high-

grade gliomas (HGG) on their survival, one hundred ninety

three patients with gliomas WHO grades III and IV were

operated either in a standard microsurgical neuronavigated

fashion or using additionally ioMRI and were included in

a follow-up study. The series started with surgeries from

September 2005 until October 2007. Patient attribution to

the two groups was based on the logistical availability of

the ioMRI on a scheduled surgery day, and on the assumed

‘‘difficulty’’ of the surgery based on the location of the glioma

in or near to an eloquent area. Surgery was intended to be as

radical as possible without reduction of quality of life.

First surgery was performed in 103 patients (75 WHO IV

and 28WHO III) and will be themain topic of this paper. In 60

patients, ioMRI was used, while in 43 patients standardmicro-

surgical neuronavigated resection techniques were applied.

Patients were followed in regular intervals mostly until

death. Statistical analysis showed a median survival time for

patients in whom ioMRI had been used of 20, 37 months

compared to 10, 3 months in the cohort who had undergone

conventional microsurgical removal.

Major influencing concomitants were WHO grades and

age which were balanced in both groups.

Keywords High-grade glioma � Intraoperative magnetic

resonance imaging � Karnofsky performance score �
Microsurgery � Survival

Introduction

The value of aggressive cytoreduction in gliomas has been

discussed and established in recent years [1 12], yet, the use

of intraoperative magnetic resonance imaging (ioMRI) has

been questioned in the context of high-grade glioma WHO

grades III and IV (HGG) surgery. Several publications have

stressed the value of ioMRI in low grade gliomas (LGG)

[13 15], but only one group has published long-term results

[13]. Therefore we undertook to collect and follow our glio-

ma patients series from the start of our clinical use of a 1.5 T

Philips Intera MRI machine [16, 17], short bore, integrated

into a new operating room fully equipped with microsurgical

and neuronavigation (BrainLAB) facilities adjacent to other

neurosurgical operating rooms with identical microsurgical

and neuronavigation (BrainLAB) facilities [18]. ioMRI

should add to the benefit of neuronavigation [19].

Since first surgical brain tumor resection using intrao-

perative MRI (ioMRI) control in September 2005 an addi-

tional 425 procedures have been performed in the Dept. of

Neurosurgery at Kiel University Medical Center until late

May 2009. The majority of patients (N¼282) being treated

for gliomas, this report will focus on the benefit and discuss

some pitfalls encountered in this type of surgery.

Material and Methods

Out of 426 operations performed in the period of September

2005 until late May 2009, 76% of the operations were

performed for gliomas, seventeen percent for transsphenoi-

dal surgery including pituitary adenomas, craniopharyngeo-

mas and clival chordomas. In the glioma group, fifty percent

of the patients harbored a WHO grade IV glioma, 21%

presented with a WHO grade III glioma and only 9% with

a grade II glioma.

The patients were taken to the operating room with the

head fixed into a MRI compatible Mayfield three-pin head
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holder attached to the sliding and rotating operating table

derived from a Philips Medical Systems angiography table.

The intraoperative imaging protocol evolving over time

included (1) preop T2fast images MRI scans to check for

optimal head positioning within the magnetic field and any

abnormalities that might interfere with the later intraoperative

scans e.g. MRI incompatible pins, undetected metals etc. (2)

Next, the patient is brought to the operating position by

approximately 30� rotation of the table, draped in a regular

manner, and surgery is performed as usual using regular neuro-

surgical instruments including neuronavigation and operating

microscope. Stepwise tumor removal is controlled by repeated

switch fromwhite light to fluorescent light incorporated in our

microscopes, usingALAfluorescence [20] nearly routinely for

HGG surgery.When nomore fluorescence is seen the patient’s

operating field is draped in such a fashion that he can be

brought back into the scanning position. T2 W images are

obtained in three dimensions, and depending on the dignity

of the tumor these images may serve to re-reference for neuro-

navigation and further tumor resection, or T1 W images with-

out and with contrast medium as well as DWI are additionally

obtained. Depending on the progress and difficulty of surgery,

additional intermediate studies are performed or a final scan is

obtained prior to dural and wound closure.

In order to study the effect of ioMRI onto the clinical

evolution of HGG patients, a study was performed analysing,

early in the clinical use of our ioMRI setting, patients

who underwent surgery with ioMRI and comparing them to

patients operated, in the same time, without ioMRI, using

only regular microsurgical neuronavigated tumor removal.

In the time interval between September 2005 until October

2007, a group of 193 patients were operated in our dept for

HGG. Follow up for these patients was continued until March

2009. Patients are usually regularly seen as outpatients or

follow up phone calls were made to the patients, their families

or physicians. Among patients undergoing first surgery, 28

patients harbored a WHO grade III glioma, and 75 patients

presented with a WHO grade IV glioma. All patients under-

went subsequent radiochemotherapy with temozolamide

(TMZ). A multivariate analysis was performed concerning

WHO grade, use +/� of ioMRI, radical resection of tumor as

seen on 24 h postoperative MRI scan, awake craniotomy

(which was used in 42 patients with tumors in eloquent

areas), carmustine implants and others as age and sex.

Results

Comparing the extent of resection in combined grads III

and IV gliomas, Table 1 shows that radical resection if

intended is more often achieved using ioMRI than not

using it. This indicates that ioMRI has been able to guide

and help the surgeon to a more radical surgical approach.

Of course the question came up whether this more radical

approach would result in a more frequent reduction of quali-

ty of life as assessed by Karnofsky performance score (KPS).

This was evaluated by comparing the KPS preoperatively to

the KPS at 2 weeks postop. Figure 1 shows that there is

indeed a reduction of KPS 2 weeks after surgery but for both

groups of patients although slightly more prominent in the

ioMRI group.

Table 1 Extent of resection of gliomas WHO grades III and IV

No ioMRI ioMRI

Radical resection intention preop No 16 20

Yes 27 40

Radical resection seen on postop MRI No 21 23

Yes 22 37

100

50

–50 KPS praeOP
KPS postOP
Change of KPS

–100

0

no
ioMRI

(p = 0.033)

ioMRI
(p = 0.005)Fig. 1 Karnofsky performance

score pre and 2 weeks postop
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Survival for both groups of patients was evaluated calcu-

lating Kaplan Meier survival curves. Figure 2 shows the

combined curves for all 103 HGG patients. It is evident

that using ioMRI improves survival statistically (p¼0.034)

while (not shown) survival is still slightly better even in

WHO grade IV patients operated using ioMRI but no more

statistically different from patients operated without ioMRI.

Discussion

The data presented here show that by adding ioMRI into the

armamentarium of modern neurosurgery it is possible to im-

prove overall survival measured in median survival time even

for HGG patients. Due to the protocol implied in this group of

patients using if possible both ALA-fluorescence and ioMRI it

is formally impossible to differentiate the benefit of each of the

two adjuncts to radical glioma surgery. This would obviously

be interesting but rather on an academic or economical point of

view. Further studies are under way in this regard.

In the longterm follow up after 32 months, the survival

curves approach each other. This confirms data obtained e.g.

in the ALA studies [20] and points to the fact that additional

therapy is required to further improve the longterm survival

in these patients.

The data are important since they are derived from an

unselected cohort of patients froma primary university referral

center favoring aggressive surgery even in patients when other

centers might have adopted a rather conservative approach.

Attribution to one of the two treatment groups was performed

rather on a logistical than on a randomized basis: this means

that patients thought to harbor a ‘‘difficult’’ HGG in or close

to an eloquent area underwent surgery using ioMRI while

‘‘simple’’ gliomas were operated in a standard fashion. This

also explains why we have so far used quite frequently, in 34

patients, combined awake with ioMRI in order to prevent

additional neurological deficits to occur [21, 22].

So far in the series, no patient has suffered from adverse

events when using ioMRI, although some have complained

discomfort when undergoing awake craniotomy and ioMRI

[23]. On-the-spot interpretation of ioMRI images by the

surgeon requires a certain knowledge related to contrast

media dynamics [24], particularly when performing repeat

T1W examinations. Some help is provided by computer

programs which our group has evaluated on a larger scale

and uses now frequently to detect minor tumor remnants [25].

The benefit of answering the question of brain shift by

using ioMRI is evident [26]. The socio-economic question,

however, of using ioMRI cannot be addressed here since it

touches the treatment of malignant tumors generally spoken.

In the same sense, every dept. has to carefully decide whether

it can take the burden of implementing a high-field ioMRI

into its budget [27, 28]. Other options besides dedicated

neurosurgical ioMRI machines are certainly possible. On the

other hand, the possibility to work around such a dedicated

machine offers additional research incentives () to better

understand the brain, its anatomy and treatment options.
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1. Durmaz R, Erken S, Arslantaş A, Atasoy MA, Bal C, Tel E (1997)

Management of glioblastoma multiforme: with special reference to

recurrence. Clin Neurol Neurosurg 99(2):117 123

1.0

0.8

0.6

su
rv

iv
al

0.4

0.2

0.0

0.00 12.00 24.00 36.00 48.00

total survival time (months)

ioMRI

no
yes

yes (censored)

p = 0.034

no (censored)

Fig. 2 Survival curves all

primary high grade gliomas

(N 103)

High-Field ioMRI in Glioblastoma Surgery: Improvement of Resection Radicality and Survival for the Patient? 105



2. Hall WA (2004) Extending survival in gliomas: surgical resection

or immunotherapy? Surg Neurol 61(2):145 148

3. Jeremic B, Grujicic D, Antunovic V, Djuric L, Stojanovic M,

Shibamoto Y (1994) Influence of extent of surgery and tumor

location on treatment outcome of patients with glioblastoma multi

forme treated with combined modality approach. J Neurooncol 21

(2):177 185

4. Knauth M, Wirtz CR, Tronnier VM, Aras N, Kunze S, Sartor K

(1999) Intraoperative MR imaging increases the extent of tumor

resection in patients with high grade gliomas. Am J Neuroradiol

20(9):1642 1646

5. Laws ER, Parney IF, Huang W, Anderson F, Morris AM, Asher A,

Lillehei KO, Bernstein M, Brem H, Sloan A, Berger MS, Chang S,

Investigators GO (2003) Survival following surgery and prognostic

factors for recently diagnosed malignant glioma: data from the

Glioma Outcomes Project. J Neurosurg 99(3):467 473

6. Rostomily RC, Spence AM, Duong D, McCormick K, Bland M,

Berger MS (1994) Multimodality management of recurrent adult

malignant gliomas: results of a phase II multiagent chemotherapy

study and analysis of cytoreductive surgery. Neurosurgery 35

(3):378 388

7. Salcman M (1988) Surgical resection of malignant brain tumors:

who benefits? Oncology 2(8):47 56

8. Shinoda J, Sakai N, Murase S, Yano H, Matsuhisa T, Funakoshi T

(2001) Selection of eligible patients with supratentorial glioblastoma

multiforme for gross total resection. J Neurooncol 52(2):161 171

9. Stark AM, Nabavi A, Mehdorn HM, Blömer U (2005) Glioblasto
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Image Guided Aneurysm Surgery in a Brainsuite1 ioMRI Miyabi 1.5 T
Environment

R.W. König, C.P.G. Heinen, G. Antoniadis, T. Kapapa, M.T. Pedro, A. Gardill, C.R. Wirtz, T. Kretschmer, and T. Schmidt

Abstract

Objective: Current literature only gives sparse account of

aneurysm surgery in an intraoperative MRI environment.

After installation of a BrainSuite1 ioMRI Miyabi 1.5 T at

our institution the aim of the present preliminary study was

to evaluate feasibility, pros and cons of aneurysm surgery in

this special setting.

Material and Methods: Since February 2009, during a

3 months period we performed elective image guided aneu-

rysm surgery in 4 ACM and 1 ACOM aneurysm (four

patients) in this ioMRI setting. The patients’ heads were

rigidly fixed in the Noras 8-Channel OR Head Coil. Our

imaging protocol included MP-RAGE, T2-TSE axial, TOF-

MRA and diffusion-/perfusion-imaging immediately before

surgery and after clip application. Presurgical 3D-planning

was performed using the iPlan-Software.

Results: All five aneurysms were operated without tem-

porary clipping. There were no intra- or postoperative com-

plications. Patient positioning and head fixation with the

integrated Noras Head Clamp was feasible, but there were

significant limitations particularly with regard to more com-

plex approaches and patient physiognomy. Image quality

especially TOF-MRA was good in 4, insufficient in 1 aneu-

rysm. Presurgical planning especially vessel extraction

from TOF-MRA was possible but certainly needs significant

future improvement. Diffusion- and perfusion weighted

examinations yielded good image quality.

Conclusion: Our limited experience is encouraging so far.

Further improvement particularly concerning flexibility of

patient positioning and presurgical 3D-planning for vascular

procedures is most necessary. As a future perspective image

guided aneurysm surgery in an ioMRI-environment may

be helpful especially in complex aneurysms and provide

neurosurgeons and neuroanaesthesiologists with additional

information about cerebral haemodynamics and perfusion

pattern in the vascular territory distal to the target vessel.

Keywords Aneurysm clipping �BrainSuite � Image guidance �
ioMRI � Intraoperative imaging

Introduction

After its introduction intraoperative MRI (ioMRI) rapidly

became the imaging modality of choice for central nervous

system pathology, particularly with regard to resection con-

trol in glioma and pituitary surgery [1 5]. Additionally

numerous articles published till now discuss various aspects

of image guidance in aneurysm surgery [6 9].

Sutherland [10] was the first who reported about one case

of elective clipping of an ACOM aneurysm in an ioMRI

environment especially accentuating the significance of

MRA and diffusion weighted imaging.

This is the first study reporting about elective aneurysm

surgery in four patients in a fully integrated neurosurgical

OR (BrainSUITE1 ioMRI Miyabi 1.5 T; BrainLAB, Ger-

many) combining image guidance with intraoperative im-

aging particularly diffusion and perfusion weighted

imaging. The aim of the present study was to highlight

the aspects of feasibility and diagnostic relevance of MR-

TOF-Angiography and Perfusion Weighted Imaging (PWI)
before and after clip application in our special setting.

Materials and Methods

The fully integrated single-room BrainSUITE1 ioMRI

Miyabi consists of a 1.5 T Siemens MAGNETOM Espree

scanner combined with the Miyabi table concept. Hereby the
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patient is positioned on the specially designed Miyabi shell,

which is mounted to a regular Trumpf Jupiter OR table

(TRUMPF Medizinsysteme, Germany). The layout chosen

allows the neurosurgeon to use conventional surgical instru-

ments beyond the 5-G line. The patient’s head is rigidly

fixed in a head holder integrated in the Noras 8-Channel

OR Head Coil (NORASMRI products GmbH, Germany). In

contrast to the BrainSUITE1 ioMRI rotating table a height

adjustable fixation of the head coil is not possible, the coil is

mounted to the Miyabi shell with a semi-spherical joint

(Fig. 1).

Since February 2009, during a 3 months period we per-

formed elective image guided aneurysm surgery in 4 ACM

and 1 ACOM aneurysm (four patients). The imaging proto-

col included MP-RAGE, T2-TSE axial, TOF-MRA and dif-

fusion-/perfusion-imaging immediately before surgery and

after clip application. Presurgical planning was performed

using the iPlan1-Software (BrainLAB AG, Germany).

Results

Patient Outcome: Management of all five aneurysms was

uneventful without any temporary clipping. As expected the

overall procedure time was extended (average additional

time 105 min) due to scanning before surgery and after clip-

ping and because of some limitations in patient positioning.

Infections as possible consequence of prolonged surgical

procedures did not occur.

Feasibility: All patients were operated via a standard

frontolateral approach. As a consequence patient positioning

was feasible but needed some additional preparation time

before surgery. Flexibility of head fixation (tilting, vertex

down positioning) is markedly restricted primarily due to the

fixation of the head coil with the Miyabi shell, which allows

only a limited range of movement. Due to missing height

adjustment in the fixation of the head coil neurosurgical

procedures in prone position (so far no experience in aneu-

rysm surgery, only in AVM surgery) are feasible but need

elaborate padding under the breast of the patient. Obese

patients and those with unfavourable physiognomy (short

neck, broad shoulders) should not be considered as surgical

candidates in the ioMRI environment described.

Diagnostic relevance of MR-TOF-Angiography
Before and After Clip Application

We used MR-TOF-Angiography as basis of image guided

aneurysm surgery (Fig. 2). The image quality was excellent

Fig. 1 Noras 8 Channel OR

Head Coil with integrated head

holder (with permission of Noras

MRI products GmbH, Germany)
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in 3 MCA and one ACOM aneurysms correlating very well

with preoperative 3D-CT-angiographic studies (3D-CTA)

and intraoperative findings. On the other hand TOF-MRA

underestimated size and configuration of one left sided MCA

bifurcation aneurysm. The main aneurysm sac (1.2 cm) pro-

jectedmainly downward and therefore out of the vector of the

main blood flow, therefore TOF-MRA demonstrated the

inflow zone of the aneurysm at its neck but not the complete

lesion.

Intraoperative MRA after clip application revealed sig-

nificant susceptibility artefacts around the clip (Fig. 3a, b).

Hence judgement of aneurysm remnants or clip stenosis will

not be possible without significant reduction of these arte-

facts. Patency of the efferent vessels distal to the clipping

site could be demonstrated in all cases.

Perfusion Weighted Imaging Before and After
Clip Application

Image quality of PWI before and after clip application

was good. Besides the clip-induced artefact PWI could

Fig. 2 Image guided surgery

of left sided MCA bifurcation

aneurysm

Fig. 3 TOF MRA before and

after clipping of a left sided MCA

bifurcation aneurysm
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demonstrate normal haemodynamics and perfusion of both

hemispheres, especially in the vascular territory distal to the

aneurysm. In one patient after uneventful clipping of a MCA

aneurysm there was a slight delay in time to peak and mean

transit time in the territory of the posterior parietal artery.

Recovery of the patient was normal and follow-up studies

did not reveal any infarctions.

Discussion

To our knowledge this is the first study reporting about

elective aneurysm surgery in a fully integrated neurosurgical

OR (BrainSUITE1 ioMRI Miyabi 1.5 T; BrainLAB, Ger-

many) combining image guidance with advanced intraopera-

tive imaging particularly diffusion and perfusion weighted

imaging.

The pioneer study of Sutherland [10] already demon-

strated feasibility of elective aneurysm surgery in an

ioMRI environment with a ceiling mounted moveable

1.5 T magnet. Image guidance was not integrated. The

study especially stressed the diagnostic relevance of MRA

and intraoperative diffusion weighted imaging. Reduction of

image distorsions caused by the aneurysm clip is one big

issue discussed there. We believe that further decrease of

MR image artefacts aiming at judgement of probable aneu-

rysm remnants or vessel stenosis after clipping will be hard

to achieve. But this intraoperative diagnostic flaw can easily

be compensated by adding e.g. microscope integrated near

infrared indocyanine green video angiography [11].

The combination of different advanced intraoperative

imaging modalities like ioMRI (TOF, PWI, DWI, arterial

spin labelling) and ICG-videoangiography might be helpful

in selected aneurysm cases. On the other hand there are some

disadvantages especially concerning patient positioning

which have to be balanced with the potential advantages

achieved by performing aneurysm surgery in an ioMRI

environment.
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From Intraoperative Angiography to Advanced Intraoperative
Imaging: The Geneva Experience

Karl Schaller, Marc Kotowski, Vitor Pereira, Daniel Rüfenacht, and Philippe Bijlenga

Abstract Objective: We aimed at the integration of recent

flat panel technology in a joint interventional suite for neu-

rosurgeons and neuroradiologists.

Methods: A Flat Panel system, allowing for intraopera-

tive performance of 2D and 3D DSA, for automated seg-

mentation of vascular structures, and for performance of

computed tomography, was connected with a surgical mi-

croscope and neuronavigation. All surgical and neurointer-

ventional cases were monitored and stored in a prospective

data base.

Results: N¼99 patients were treated neurosurgically:

N¼63 aneurysm clippings in n¼51 patients; n¼12

resections of arteriovenous malformations (AVM); n¼6

clippings/excisions of dural AV fistulae (dAVF); n¼3

EC-IC bypass procedures; n¼10 resections of skull

base tumours; n¼17 spine procedures. All patients had

intraoperative imaging for angiographic control and/or for

anatomical allocation. Intraoperative 3D-rotational angi-

ography was performed n¼54 times in n¼42 patients in

<15 min each, with repositioning of aneurysm clips in

n¼9 patients.

Conclusion: This hybrid neuro-interventional suite

opens a new avenue for intraoperative imaging by the

provision of highly resoluted angiographic or CT images,

which may be co-registered with a navigation system. In

addition, the workflow in treatment of aneurysmal SAH

can be improved, as all diagnostic and therapeutic mea-

sures can be taken without having to move the patient to

other facilities.

Keywords Flat panel � Intraoperative angiography � Intrao-
perative CT � Intraoperative imaging � Vascular neurosur-
gery

Introduction

Neurosurgeons deal with intracranial and spinal vascular,

bony, and soft tissue pathologies, or with a combination of

those. Due to its strength for the visualization of soft-tissue

properties, intraoperative MRI (ioMRI) has become an

important tool for resection control in surgery of intra-axial

brain tumours, and in pituitary surgery [1]. It requires large

and expensive equipment, however, and its use is still not

very intuitive in a strictly surgical sense. Intraoperative CT

(ioCT) scanning requires large equipment as well, and inter-

feres with the natural course of surgery as the patient needs

to be moved into the gantry [2]. Furthermore, vascular

imaging does not allow for dynamic visualization of blood

flow.

Recent Flat Panel (FP) technology allows for imaging of

vascular structures at high spatial and temporal resolution

with up to 100 images/s. In addition, it allows for bone

imaging at high spatial resolution, e.g. precise visualization

of the human skull base, or of trabecular bone of the human

spine. The hardware itself is smaller than previously used

X-ray machines, and it can be ceiling-mounted, or attached

to robotic arms. This technology may represent an interest-

ing alternative to the above-mentioned modalities, ioMRI

and ioCT due to its flexibility and due to the fact that it

allows for dynamic vascular imaging, as well as for flat

panel derived computed tomography as well. In addition,

adaptation of image-guidance could allow for co-registration

of the various image modalities taking advantage of each

of those. It was our ambition to develop and to evaluate a

joint hybrid neuroradiological and neurosurgical interven-

tional suite, based on FP technology (Figs. 1 3).
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Materials and Methods

Infrastructure

The hybrid interventional room is located between diagnos-

tic radiological facilities, such as MRIs, the emergency

surgical suites of the hospital, and the urological operating

rooms. It can be entered from three sides. The assigned

interventional room surface was restricted to 65 m2 for

local architectural reasons. In addition, there is a control

room with all monitors and computer workstations, shielded

by protecting glass towards the interventional suite, and a

small storage room with a scrubbing facility adding to

another 25 m2. Local bioengineers have evaluated the hygie-

nical aspects, as the room was intended for use in diagnostic

and in open surgical interventions. Therefore, a vertical

laminar air flow system had to be installed at the foot end

of the interventional table.

Fig. 1 Illustration of basic setup in the hybrid room. The Flat Panel

system, including table with radiolucent headholder, and overhead moni

tors. Not in the figure: Surgical microscope and neuronavigation, which

are coupled with the FP system. 3D screen and Neuromonitoring system

Fig. 2 Example of joint

neurosurgical neuroradiological

intervention. Sixty eight year old

woman with incidentally found

aneurysms of her right superior

cerebellar (SCA) (a), anterior
communicating (Acom) (b), left
middle cerebral (MCA) (c), and
left posterior communicating

(Pcom) (c) arteries. All
aneurysms were treated the same

day, on the same table, during the

same session. Interventional

neuroradiologists started with coil

occlusion of the right SCA

aneurysm. These images

underscore the quality of the 3D

angiographic images
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Equipment

Amonoplane Philips Allura FD20 system (�620 projections

along 240� in 8 10 s, rotational speed: 30�/55�/s, 30 frames/s),

allowing for automated segmentation of vascular structures

was installed (Philips Medical systems, Best, Netherlands).

This system allows for dynamic imaging (e.g. angiography),

as well as for CT imaging. The accompanying (angio-)table

can be adjusted in height only in its present version.

A special adapter for the radiolucent head clamp (Doro,

Promedics, Düsseldorf, Germany) was constructed.

A BrainLAB neuronavigation system (VV2; BrainLAB,

Heimstetten, Germany) was installed in addition, and a

recent surgicalmicroscope (Zeiss Pentero; Zeiss, Oberkochen,

Germany) including an Indocyanine green (ICG) videoangio-

graphy unit completed the basic equipment. The microscope

is navigable, and the navigation system was adapted for

integration and co-registration of FP-derived images (angio-

graphy and CT) with conventional imaging data sets.

All surgical and neuroradiological and joint interventions

were prospectively stored in a data base.

All patients had intra-operative imaging for anatomical

allocation (e.g. FP CT scanning for resection control in skull

base tumours) or for angiographic control (e.g. of clipped

aneurysms). Co-registration of intraoperatively acquired

imaging data (either angiographic, or FP CT) with the navi-

gation system was performed when considered useful for the

intervention.

Results

Open Neurosurgical Patients

A total of n¼99 patients were treated neurosurgically within

a 19-month period of time (February 2008 September

2009). This includes n¼63 aneurysm clippings in n¼51

patients, n¼12 resections of arteriovenous malformations

(AVMs), n¼6 clippings/excisions of dural AV fistulae

(dAVF), n¼3 EC-IC bypass procedures, n¼10 resections

of skull base tumours, and n¼17 complex spine procedures.

Intraoperative 3D-rotational angiography was performed

in all vascular patients in<15 min each. It allowed for direct

control of aneurysm-clipping and displayed incomplete clip-

ping (n¼7) or vascular compromise (n¼2). Direct reposition-

ing of aneurysm clips was performed in n¼9 patients.

Thereby, intraoperative 3D angiography had stipulated clip

correction in 14.3% of aneurysms, thus allowing complete

aneurysm occlusion in 100%. Intraoperative FP-based CT

scanning was performed in skull base tumours. It was particu-

larly helpful, where a far lateral transcondylar approach had to

be used in a recurrent foramen magnummeningioma, and in a

partially calcified clival chordoma (see Figs. 4 and 5). The

respective intraoperative data sets were co-registered with

preoperative images on the navigation system. However, soft

tissue properties could not be visualised with the same quali-

ty as with extraoperative CT and certainly not as with MRI.

Two patients of the whole series developed locally con-

fined decubitus following prolonged lateral positioning.

Neuroradiological Patients

Within the same period, a total of n¼147 diagnostic and

n¼106 interventional (neuroradiological) procedures were

performed (n¼51 coilings, n¼28 stentings, n¼13 AVM- or

AVF-embolizations, n¼14 vertebroplasties). In addition,

n¼364 percutaneous infiltrations were performed.

Discussion

In the same way, neurosurgeons are eager to perform resec-

tion control in case of intrinsic brain tumours by intra-

operative MRI, they are looking for innovative ways of

Fig. 3 Intra operative

angiographic control, showing

complete occlusion of all

aneurysms (2D DSA) in anterior

posterior (a) and lateral (b) view.
Please note the limited artefacts

of the headholder
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intraoperative visualization in neurovascular surgery, in sur-

gery around the skull base, and for spine surgery. That goal

should be accomplished in an intuitive manner, and what-

ever methodology applied it should not interfere too much

with the surgical workflow. As the physical properties of the

tissues neurosurgeons are dealing with are so different from

each other, it is very unlikely to achieve this goal with a

single imaging modality in the near future.

As far as it concerns vascular imaging, the dynamics of

intravascular flow have to be considered in addition. Where-

as ioMRI is steadily advancing, e.g. in the field of glioma

and pituitary surgery, there have not been reasonable

approaches for vascular and skull base surgery so far [1, 3,

4]. Spatial resolution and lack of practicability of conven-

tional angiographic tools did not promote their application in

a surgical environment, despite the clear advantage of e.g.

having the opportunity to perform direct control of surgical

clipping in cerebral aneurysm surgery [5, 6]. Thus, some

surgical groups perform direct post-operative angiographic

control with the patients still anesthetized, in order to take

them back to surgery directly in case of incomplete aneu-

rysm clipping or inadvertent clipping of a parent vessel [7].

Indocyanine green videoangiography has become a very

important tool in microneurosurgical routine [8]. Its particu-

lar value concerns the visualisation of small and perforating

vessels, whereas vessels, which are not directly visible

though the microscope may escape microangiographic ana-

lysis [8]. It should be seen as an excellent complementary

tool to advanced intraoperative 3D DSA as this is possible

with our proposed concept for integration of FP technology

in a hybrid operating room. Another approach is the use of

intra-operative CT scanners, the most recent of which do

even allow for intraoperative performance of angio-CT scan-

ning in addition [9]. These scanners are large, however,

fairly static, and it thus seems reasonable to combine the

technical and physical flexibility of recent Flat Panel tech-

nology in order to overcome the shortcomings of standard

2D DSA and CT scanning.

Whereas the direct advantage of such a hybrid interven-

tional environment may not be as obvious for surgery of

intracranial tumours, it has to be stated that the integration

of such a joint neurosurgical neuroradiological suite may

change and improve the overall in-house management and

workflow of neurovascular emergencies: E.g., currently,

one has to transfer a patient with acute SAH from the

emergency department to the CT scanner, then to the

ICU, or to the OR for placement of an external drainage,

then to the angiography suite for further diagnostics, and

finally to the operating room, if free at the time. Control

angiography has to be scheduled separately in the conven-

tional setup. The proposed hybrid concept allows for com-

pletion of all diagnostic and interventional/surgical

activities, including CT, DSA, and open, or endovascular

aneurysm treatment plus immediate control of aneurysm

occlusion. All can be done in the same room, on the same

table, and even jointly (e.g. preparation for arteriography

and placement of external ventricular drainage). Unfortu-

nately, two patients developed locoregional and revers-

ible decubitus after having been placed in the lateral

position for several hours. It is quite clear that the present

solution with a modern yet standard angiography table is

not sufficient for use in an important number of neurosur-

Fig. 4 Intra operative 3D skull

radiography during extended far

lateral approach for a skull base

tumour. These images can be

transferred and co registered with

the navigation station
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gical pathologies. The next evolutionary step of such a

hybrid room should concern the development of a specifi-

cally adapted carbon table, which can be adjusted like any

other operating table.

Conclusion

The new neuro-interventional suite opens a new avenue for

intraoperative imaging by the provision of highly resoluted

CT or angiographic images, which may be co-registered

with a commercially available navigation system. High tem-

poral resolution of vascular diagnostics may assist in devel-

oping better virtual and customized treatment plans for

patients suffering from aneurysms and vascular malforma-

tions. In addition, the workflow in treatment of aneurysmal

subarachnoid hemorrhage can be improved significantly,

as all diagnostic and therapeutic measures can be taken

without having to move the patient to other facilities. In

addition, due to high resolution of bony structures and the

connection with image guidance, there is good potential

concerning skull base and spinal surgery. The further devel-

opment of a fully-functioning carbon-made surgical table is

recommended.
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Intraoperative Magnetic Resonance Imaging

Walter A. Hall and Charles L. Truwit

Abstract Neurosurgeons have become reliant on image-

guidance to perform safe and successful surgery both time-

efficiently and cost-effectively. Neuronavigation typically

involves either rigid (frame-based) or skull-mounted (frame-

less) stereotactic guidance derived from computed tomo-

graphy (CT) or magnetic resonance imaging (MRI) that is

obtained days or immediately before the planned surgical

procedure. These systems do not accommodate for brain

shift that is unavoidable once the cranium is opened and

cerebrospinal fluid is lost. Intraoperative MRI (ioMRI) sys-

tems ranging in strength from 0.12 to 3 Tesla (T) have been

developed in part because they afford neurosurgeons the

opportunity to accommodate for brain shift during surgery.

Other distinct advantages of ioMRI include the excellent soft

tissue discrimination, the ability to view the surgical site in

three dimensions, and the ability to ‘‘see’’ tumor beyond the

surface visualization of the surgeon’s eye, either with or

without a surgical microscope. The enhanced ability to

view the tumor being biopsied or resected allows the surgeon

to choose a safe surgical corridor that avoids critical struc-

tures, maximizes the extent of the tumor resection, and

confirms that an intraoperative hemorrhage has not resulted

from surgery. Although all ioMRI systems allow for basic

T1- and T2-weighted imaging, only high-field (>1.5 T)

MRI systems are capable of MR spectroscopy (MRS), MR

angiography (MRA), MR venography (MRV), diffusion-

weighted imaging (DWI), and brain activation studies. By

identifying vascular structures with MRA and MRV, it

may be possible to prevent their inadvertent injury during

surgery. Biopsying those areas of elevated phosphocholine

on MRS may improve the diagnostic yield for brain biopsy.

Mapping out eloquent brain function may influence the

surgical path to a tumor being resected or biopsied. The

optimal field strength for an ioMRI-guided surgical system

and the best configuration for that system are as yet undecided.

Keywords Brain activation � Brain neoplasms � Intraopera-
tive magnetic resonance imaging � Magnetic resonance

imaging

Introduction

Neurosurgeons have used magnetic resonance imaging

(MRI) for more than 20 years to visualize the brain because

of the ability to view the brain in three dimensions with

excellent soft tissue discrimination. Other technological

advances that have accompanied MRI over the same time

period include frame-based stereotaxy, frameless neurona-

vigation, and most recently, intraoperative MRI (ioMRI)-

guided neurosurgery. Intraoperative MRI-guidance in the

operating room has the advantage over the other technical

advancements in that it allows for the surgeon to visualize

the surgical site during the procedure in near-real time. This

capability provides the neurosurgeon with valuable informa-

tion that will help to guide the surgical procedure to its

successful completion primarily by allowing for the com-

pensation of brain shift which occurs after the cranium is

opened and cerebrospinal fluid (CSF) is lost [1].

As ioMRI-guided neurosurgery continues to disseminate

to more and more academic health centers and community

hospitals, it has become uncertain which magnetic field

strength is best suited for surgical use. Since the first utiliza-

tion of this technology in 1994, multiple MRI systems of

varying field strengths have been developed for surgical use

ranging from 0.12 Tesla (T) to 3 T [1, 2]. The first ioMRI

system was a mid-field 0.5 T double coil design (SIGNA SP,

General Electric Medical Systems, Milwaukee, WI) that was

installed at Brigham and Women’s Hospital in Boston, MA.

W.A. Hall (*)

Department of Neurosurgery, SUNY Upstate Medical University,

750 East Adams Street, Syracuse, NY 13210, USA

e mail: hallw@upstate.edu

C.L. Truwit

Departments of Radiology, Hennepin County Medical Center,

University of Minnesota, Minneapolis, MN, USA

M.N. Pamir et al. (eds.), Intraoperative Imaging, Acta Neurochirurgica Supplementum, Vol. 109,

DOI 10.1007/978 3 211 99651 5 19, # Springer Verlag/Wien 2011

119



With this MRI system, the surgeon operated between the

coils and image updates could be obtained continuously

during surgery (Fig. 1). Low field MRI systems have ranged

from 0.12 to 0.23 T and high field systems are either 1.5

or 3 T in magnet strength. As image quality and MRI

functionality is proportional to field strength, many diagnos-

tic imaging techniques such as MR angiography (MRA),

MR venography (MRV), MR spectroscopy (MRS), diffusion-

weighted imaging (DWI), and brain activation studies

considered functional MRI (fMRI) can be obtained at 1.5 T

or higher field strength.

Being able to image patients intraoperatively provides

the neurosurgeon with information that will allow him or

her to alter the surgical treatment plan resulting in improved

patient safety and the assurance of successful completion of

the procedure. Each field strength ioMRI system has distinct

advantages and disadvantages which are considered by neu-

rosurgeons as they determine whether the various imaging

capabilities provided by each will address their surgical

needs. The surgical applications for each ioMRI system

will be the focus of this contribution.

Materials and Methods

Low Field ioMRI Systems

The very low field strength 0.12 T ioMRI system (Medtronic

Navigation, Minneapolis, MN) has recently had an increase

in its field strength to 0.15 T (Polestar N20). With this

system the magnets are maintained below the surgical

operating table until imaging is required at which time they

are elevated to each side of the surgical field (Fig. 2). Imag-

ing with this system affords incomplete visualization of the

head due to limitations on field of view, but does allow for

the surgical field of view to be seen. Surgery can be per-

formed entirely within the magnetic field using standard

surgical instrumentation. This ioMRI system allows for con-

siderable access to the patient although there are technical

limitations due to the distance between the magnetic poles

that delimit which patients can be treated. Another advan-

tage of this system is that the surgeon does not need to

Fig. 1 General Electric Signa SP double coil 0.5 T magnetic resonance

imaging scanner design that was installed at Brigham and Woman’s

Hospital in Boston in 1994. The surgeon is standing directly within the

scanner and imaging updates can be obtained continuously during the

procedure

Fig. 2 Medtronic PoleStar N20

0.15 T low field intraoperative

MR scanner. The magnetic poles

are elevated into the position for

scanning the head during surgery

(Image courtesy of Medtronic)
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operate between the magnets as with the 0.5 T ioMRI

system.

Other low field MRI systems that have been used for

diagnostic and ioMRI have a vertical gap or biplanar design

where the magnet strength is either 0.2 or 0.23 T (Fonar,

Melville, NY; Hitachi Medical, Twinsburg, OH). These

systems have two horizontal 25 40 cm diameter magnetic

poles that allow access to the patient from the side. A

modification to this system resulted in a C-arm design

(Siemens Medical Systems, Erlangen, Germany; Marconi

Medical, Highland Heights, OH) where a column on one

side of the magnet supported the upper magnetic pole which

allowed for 240� of access to the patient and the ability to

biopsy lesions of the neck and high cervical spine. The

40 cm gap between the magnetic poles again delimits the

size of the patients that can be treated with these systems.

Even though these ioMRI systems seem to be more open

than short bore cylindrical scanners, during surgery the head

of the patient is as far away from the surgeon as it is with

high field systems.

Initially some centers would use these systems for intrao-

perative imaging by performing the surgery in another room

and then transporting the patient to the magnet for imaging.

Others would operate immediately adjacent, but outside the

5 Gauss line, and yet others would work within the magnet

itself. Of note, while these ioMRI systems seem to be more

open than short bore cylindrical scanners, it is important to

point out that during surgery on these systems; the head of

the patient is actually as far away from the surgeon as it is

with high field systems.

All low field systems have reduced temporal resolution,

spatial resolution per unit time, and reduced signal-to-noise

ratio (SNR) compared to high field ioMRI systems [1].

These imaging constraints mandate an increase in imaging

time that is sufficient to achieve image quality that will allow

for accurate surgical decision making.

Mid Field ioMRI Systems

The prototype 0.5 T mid field system was the Signa SP

‘‘double donut’’ ioMRI system that was designed specifically

for interventional use. With this system, two cylindrical

magnets were set up such that an intervening gap was

allowed for the surgeon and patient. Each magnet generated

an inhomogeneous magnetic field, which because they were

inverted relative to each other, created a homogeneous mag-

netic field of 30 cm diameter. This magnet configuration

where the superconducting magnets are separated by a

56 cm gap allows for lateral and vertical access to the

imaging isocenter. During procedures, the surgeon stands

in this gap which requires special radiofrequency coils that

diminish gradient strength and limit the field of view. The

decreased field strength found at isocenter of the gap results

in reduced SNR, longer imaging times, reduced spatial

resolution, and a limitation of functional and physiological

imaging capabilities. The advantage of this ioMRI system,

greater access to the patient, ultimately was overshadowed

by the reduced image quality generated at isocenter and the

more broad acceptance of either moving the patient a short

distance in and out of the scanner in a higher field strength

scanner or shuttling the scanner in and out of the surgical

field, as described below.

High Field ioMRI Systems

High field ioMRI systems have the advantage over low and

mid field systems of advanced functionality including fat

suppression, perfusion studies, MRA, MRV, MRS, MR ther-

mometry, and fMRI [1, 3]. One of the initial problems

identified with operating using mid and high field ioMRI

systems was the inability to use standard surgical instrumen-

tation near the magnet. In order to obtain intraoperative

images of the surgical site the patient had to be transported

into the scanner or the scanner had to be moved to the

patient. Our initial ioMRI system (ACS-NT, Philips Medical

Systems, Best, Netherlands) required that a modified angio-

graphy table serve as the operating table which was rotated

to dock with the MRI gantry so that the patient could be

rapidly transported into and out of the scanner on a floating

table top. Access to the patient was enhanced with this

system because of the shore-bore magnet configuration and

100 cm flared openings on both sides of the scanner. The

infrequent need to scan the patient during a brain tumor

resection supports the performance of surgery outside the 5

Gauss line using conventional surgical instruments. In con-

trast, brain biopsies were performed within the magnet in

order to enable the visualization of the passage of the biopsy

needle toward the target in near-real time. A comparable

approach to patient access was adapted at other high field

ioMRI sites (University of Erlangen, Erlangen, Germany

and University of California Los Angeles, Los Angeles,

California) where a rotating surgical table could be turned

into the axis of a 1.5 T Magnetom Sonata Maestro Class

scanner (Siemens Medical Solutions, Erlangen, Germany)

[4]. With our updated 1.5 T ioMRI scanner (Intera I/T,

Philips Medical Systems, Best, Netherlands), we performed

craniotomies for brain tumor resection entirely within the

magnetic field using MR-compatible instrumentation and

anesthesia equipment.

Another alternative high field ioMRI system design uti-

lizes a mobile 1.5 T magnet with a 92 cm bore diameter

(Magnex Scientific, Abingdon, Oxon, UK) that moves on a
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ceiling-mounted track to a stationary operating table (Fig. 3).

This system has the disadvantages that it requires reposition-

ing local radiofrequency shielding each time an intra-

operative MRI is performed to maintain high SNR and all

ferromagnetic instrumentation must be removed prior to

scanning. Initially, this system design did not allow access

to the patient during imaging so that minimally invasive

procedures such as brain biopsy were not possible. A more

recent version of the system where the back end of the

scanner is now open allows for access to the patient so

MR-guided minimally invasive procedures can be per-

formed in near-real time.

Most recently 3 T MRI scanners have been modified to

allow for MR-guided neurosurgical procedures at the back

end of the magnet (Intera, Philips Medical Systems, Best,

The Netherlands) entirely within the magnetic field due to

the greater availability of MR-compatible instruments and

equipment (Fig. 4). Both craniotomies and minimally inva-

sive brain biopsies can be performed with minor limitations

in patient positioning and a significant improvement in

patient flow and throughput due to more rapid acquisition

of intraoperative images [5]. All major vendors have now

modified diagnostic 3 T MR scanners to allow for MR-

guided surgical procedures.

Results

Surgical Indications

The primary indication for 0.15 T ioMRI system is to guide

the resection of brain tumors such as gliomas, pituitary

tumors, and meningiomas. Another group found that their

0.2 T low field ioMRI system was best suited for the resec-

tions of gliomas and pituitary adenomas. Gliomas and pitui-

tary adenomas were found to be those lesions that were also

Fig. 4 Philips 3.0 T Intera

intraoperative MRI system where

surgical procedures are

performed at the back end of the

scanner with direct neurosurgical

access to the patient’s head. The

patient can be transported rapidly

into the scanner for frequent

repeat imaging. The column to

the left of the back end of the

scanner serves as the source for

suction and anesthetic gases

Fig. 3 IMRIS 1.5 T intraoperative magnetic resonance imaging system

with the magnet suspended from ceiling rails. In the foreground is the

MRI compatible surgical table
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most appropriate for 1.5 T MR-guided neurosurgery either

with a stationary patient or a stationary magnet.

Brain Shift

As accurate as neuronavigational systems are, they can suf-

fer significant spatial inaccuracy due to the brain shift that

occurs once the cranium is opened and CSF is drained upon

opening the dura mater. These devices do not allow the

neurosurgeon to compensate for brain shift without repeat

imaging of the operative site and reregistration of those

intraoperative images. The average amount of surface

displacement that has been estimated to occur with the

resection of a tumor is 1 cm with gravity representing the

main force causing brain shift [1]. Peritumoral brain edema

secondary to the effects of surgery also distorts the local

environment with consequent brain shift. This shift can lead

to incomplete tumor resection in the face of the neuronavi-

gation system suggesting complete resection. Alternatively,

there is the potential for surgical encroachment on normal

brain parenchyma adjacent to the tumor resection cavity, in

the face of safe passage suggested by neuronavigation. The

percentage of cases where neuronavigation reregistration

was felt to be necessary in ioMRI-guided cases due to

brain shift was 11 16% [6]. The occurrence of brain shift

has been in part responsible for causing unsuspected residual

tumor in 2 35% of cases depending on the type of tumor

being resected with pituitary adenomas representing the

most likely tumor to be incompletely resected.

Brain Biopsy

The initial ioMRI-guided brain biopsies were performed in a

freehand manner much like the first computed tomography-

guided brain biopsies. Clinicians recognized early on that

there was no way to either guide the biopsy needle to the

intended target or to stabilize the needle during the acquisi-

tion of the tissue samples. The need for a device to stabilize

the biopsy needle led to the rapid design and development

of such instrumentation (MRI Devices, Waukesha, WI;

Snapper-Stereo-Guide, MagneticVision, Zurich, Switzerland;

Image-Guided Neurologics, Melbourne, FL). A disposable

trajectory guide called the Navigus that was combined with a

unique targeting technique known as prospective stereotaxy

that allowed for the performance of brain biopsy in near-real

time at 1.5 T (Fig. 5). Biopsies are generally performed

under general anesthesia at most ioMRI sites for patient

comfort because of the length of the procedure and to pre-

vent the inadvertent displacement of the biopsy needle once

the target has been reached.

Prospective stereotaxy is a novel biopsy technique that

starts at the target and moves away distally toward an align-

ment stem that acts similarly to a computer joy stick. With

this alignment technique three points are aligned: biopsy site

(target point), tip of the alignment stem (pivot point), and the

cross section of the alignment stem (rotation point). Once all

three points are collinear, the passage of the biopsy needle

through the guide tube which had held the alignment stem

will result in the biopsy needle encountering the target. The

entire alignment process takes 2 5 min and following the

procedure a series of three scans (half-Fourier acquisition

Fig. 5 The skull mounted

Navigus trajectory guide in

position for brain biopsy. The

alignment stem is inserted into the

guide tube and the white plastic

locking nut is visible. The

procedure is being performed

through a gauze wrapped

radiofrequency surface coil,

which combined with its partner

beneath the patient’s head, allows

for parallel imaging, affording

both high signal to noise ratio

and improved imaging efficiency
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single-shot turbo spin echo (HASTE), turbo fluid-attenuated

inversion recovery (FLAIR), and gradient echo (GE)-T2*)

are reviewed to exclude the presence of intraoperative

hemorrhage before the conversion of intracellular oxy-

hemoglobin to deoxyhemoglobin (Fig. 6). More recently,

susceptibility-weighted imaging has supplanted the imaging

protocols due to its increased sensitivity to hemorrhage that

is still largely in the intracellular oxyhemoglobin phase and

only slightly in the intracellular deoxyhemoglobin phase.

In order to enhance the diagnostic yield of brain biopsy,

we have combined intraoperative guidance with MRS, ini-

tially with single-voxel spectroscopy (SVS) and subsequently

with turbo spectroscopic imaging (TSI). Single voxel spec-

troscopy targets a region of interest in the brain and com-

pares it to the similar location in the opposite cerebral

hemisphere and TSI is performed on a single axial slice

where specific brain metabolites (phosphocholine, creatine,

N-acetyl aspartate (NAA), and lactate/lipid) are measured

[2]. Regions of elevated phosphocholine on SVS and TSI, in

the presence of diminished NAA, suggest increased cellular

density due to rapid membrane turnover that is consistent

with tumor tissue and N-acetyl aspartate which is a neuronal
marker is increased in normal brain [1].

Craniotomy for Tumor Resection

At our site, patients are intubated and receive general anes-

thesia before they arrive in the ioMRI suite. The head is

secured in the operative position in a carbon fiber head

holder in order to facilitate repeat intraoperative imaging in

the exact orientation that will allow for comparison of scans

during surgery. The craniotomy site is localized over the

tumor using MRI-visible markers before the hair is clipped

and the skin prepped. For nonenhancing brain tumors,

HASTE and turbo FLAIR imaging sequences are acquired

for intraoperative scan comparison; for enhancing tumors,

the administration of intravenous contrast is withheld until

the majority of the tumor has been removed to prevent the

imbibition of contrast into the edematous peritumoral brain

where the blood brain barrier has been disrupted. The inter-

pretation of intraoperative images can be difficult even with

the repeat administration of the intravenous contrast because

of its continued diffusion around the resection cavity that

occurs related to surgical trauma from the use of electrocau-

tery and the ultrasonic aspirator.

Typically, tumor resections require three imaging sets

during the surgery. The first set is acquired prior to the

opening of the cranium (Fig. 7) before brain shift has

occurred. After the tumor has been either partially (Fig. 8) or

completely resected (Fig. 9) in the estimation of the surgeon,

a second, and truly intraoperative set of images is acquired.

Finally, after the craniotomy has been closed, a third set is

obtained, in order to evaluate the surgical site for intraopera-

tive hemorrhage. In addition, at any point during the surgery,

where there could be a question concerning brain physiology

or the extent of resection imaging can be repeated with a

5 min delay in order to maintain the sterility of the operative

field and to allow for removal of all non-MR-compatible

instrumentation before transport into the scanner. Imaging

of the operative site in any orientation is possible to enable

the surgeon to visualize those areas of the brain that may

Fig. 6 Following the brain biopsy, a series of three axial scans (half

Fourier acquisition single shot turbo spin echo (HASTE) (top), turbo
fluid attenuated inversion recovery (FLAIR) (middle), and gradient

echo (GE) T2* (bottom)) are reviewed to exclude the presence of

intraoperative hemorrhage before the conversion of intracellular oxy

hemoglobin to deoxyhemoglobin has occurred. An area of signal loss in

the same location on all three scans would indicate the presence of air
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contain residual tumor that is not easily seen because of the

collapse or ‘‘shift’’ of the brain into or away from the resec-

tion cavity (Fig. 10).

After baseline imaging is obtained, at the 1.5 T site, the

patient is moved outside the magnetic field to the location

where ferromagnetic instruments can be used without risk of

projectile injury. Resection of the tumor is carried out in the

standard neurosurgical fashion until the surgeon feels it

appropriate to assess the completeness of the surgery.

Some groups have combined ioMRI-guided brain tumor

resections with neuronavigation to improve the safety of

the surgery and to increase the overall extent of the tumor

resection [4, 6]. During surgery the imaging data set that is

performed to assess the extent of the tumor resection is

reregistered into the neuronavigational system to further

guide the resection of any residual neoplastic disease.

Because of the additional time associated with combining

neuronavigation with ioMRI-guided surgery, other sites, like

ours, have taken a more simplistic approach for detecting

residual tumor after the initial attempt at removing the

tumor footprint. Prior to obtaining intraoperative images

to examine the surgical site for residual disease, we place

MRI-visible markers in the resection cavity adjacent to

tissue that is suspected to represent tumor. These markers

are made of titanium and are in the shape of rods, struts, or

burr hole covers (Fig. 11). Bone wax has also been placed is

a resection cavity to monitor for residual disease because of

its excellent visualization characteristics on MRI (Fig. 12).

Fig. 8 Oligodendroglioma. Intraoperative axial half Fourier acquisi

tion single shot turbo spin echo (HASTE) scan demonstrating the

extent of the tumor resection and the proximity of the residual disease

to the central sulcus and motor cortex. Note the degree of brain shift of

the left frontal lobe that is present. This tumor was found on pathologi

cal examination to be an oligodendroglioma

Fig. 7 Preoperative axial turbo fluid attenuated inversion recovery

(FLAIR) MRI scan demonstrating an area of increased signal in the

left frontal lobe directly below the coronal suture consistent with a low

grade glioma. There is an MRI visible marker attached to the scalp in

order to localize the craniotomy flap preoperatively and delimit the size

of the cranial opening and operative field

Fig. 9 Postoperative axial half Fourier acquisition single shot turbo

spin echo (HASTE) scan demonstrating the completion of the tumor

resection. The entire tumor footprint has been removed radiographi

cally and the resection cavity has been filled with cerebrospinal fluid.

There is pneumocephalus still present over the left frontal lobe and the

craniotomy has been closed
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The presence of residual disease near an intraoperative tita-

nium marker will guide the surgeon to that location in order

to extend the tumor resection. Once the tumor footprint has

been removed the three previously described ‘‘hemorrhage’’

scans are obtained before leaving the ioMRI suite. For

tumors adjacent to blood vessels, DWI can be performed at

the time of the hemorrhage scans to exclude the presence

of ischemia or infarction suggestive of a vascular injury.

After imaging is complete, the patient is transported to the

recovery room for extubation. In general, each image set

requires 10 15 min to obtain and they are rarely repeated

within 1 h of the prior imaging. Initially, intraoperative

imaging extended the duration of a tumor resection by one-

third compared to cases performed in the main operating

room, although this time has decreased significantly with

increasing experience using this technology.

Functional-MRI-Guided Tumor Resection

To enhance the overall safety of ioMRI-guided brain

tumor resection, we have combined fMRI-guidance to the

preoperative surgical planning for tumors located near areas

of eloquent cortical function. Eloquent cortex represents

cortical tissue whereby injury or damage will result in a

neurological deficit. Brain activation areas that we have

Fig. 11 Intraoperative coronal half Fourier acquisition single shot

turbo spin echo (HASTE) scan where a titanium burr hole cover has

been placed on the right frontal brain surface to localize an area of

increased signal in a single gyrus. The cortical surface appeared normal

under direct visualization. The gyrus was resected and was found to

represent an area of cortical dysplasia that was causing seizures

Fig. 10 Postoperative axial half Fourier acquisition single shot turbo

spin echo (HASTE) scan after the left frontal tumor has been resected

and the craniotomy has been closed. The resection cavity is filled with

cerebrospinal fluid and there is pneumocephalus over both frontal lobes

demonstrating the degree of ‘‘brain shift’’ that can occur within the

cranium during surgery despite the tumor being unilateral

Fig. 12 Axial T1 weighted contrast enhanced MRI demonstrating the

complete resection of an enhancing left occipital brain metastasis. The

area of signal loss in the resection cavity represents bone wax that was

placed adjacent to an area that was felt to be suspicious for residual

disease by the surgeon. Notice the degree of ‘‘brain shift’’ over the left

cerebral hemisphere that is the result of cerebrospinal fluid loss after the

dura mater has been opened
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been able to accurately define and avoid during surgery are

those for motor function, working memory, and language

(Fig. 13). Motor cortex activation will result from finger

tapping, tongue tapping on the roof of the mouth, and toe

wiggling. Language location is mapped by having patients

think of the names of animals starting with the beginning of

the alphabet (‘‘silent’’ speech). Short- and long-term recall

using list retention is used to localize memory function to the

medial temporal lobe of the dominant cerebral hemisphere.

The imaging protocol for fMRI is a single-shot echo planar

imaging (EPI) scan. Those areas of blood oxygen level-

dependent (BOLD) activation are calculated and then

superimposed on high quality anatomic images that can be

displayed on liquid crystal display panels in the ioMRI

surgical suite for the surgeon to review immediately prior

to craniotomy. To assure that the task is being properly

performed, a superimposed waveform demonstrates those

periods where brain activation is occurring. Acquiring and

processing brain activation studies will add approximately

15 min to a surgical procedure provided that they are

obtained immediately before the administration of general

anesthesia. Some patients will have their fMRI performed

several days before the planned surgical procedure if

additional surgical planning is felt to be necessary. In our

experience, fMRI-guidance for tumor resection has been so

safe, reliable, and accurate that we have not combined it with

either awake craniotomy or cortical stimulation. For large

tumors located adjacent to areas for language activation, the

combination of awake craniotomy using total intravenous

anesthesia and preoperative fMRI language localization has

resulted in the safe and successful resection of lesions that

previously would have been biopsied only. Even though

most fMRI-guided tumor resections have been performed

on high field systems, one group has demonstrated in normal

volunteers that brain activation studies are possible on a

0.15 T system [7].

Diffusion and Perfusion Imaging-Guided
Tumor Resection

Using the diffusion energy (Brownian motion) of water

molecules, the white matter tracts that pass through the

brain can be mapped with diffusion tensor imaging (DTI).

This technique was first used to avoid the optic radiations in

a child with a low grade glioma where their inadvertent

injury would result in a visual field deficit [8]. When com-

paring the preoperative and intraoperative DTI tractography

in glioma resection surgery, the maximum shifting of the

white matter ranged from �8 to +15 mm [9]. White matter

tracts shifted outward in 62% of patients and inward in 30%

[9]. Intraoperative visualization of the white matter tracts

has allowed for the safe resection of gliomas near eloquent

cortex [10].

Very recently perfusion MRI has been used to guide the

resection of residual high grade glioma tissue during ioMRI-

guided surgery. Areas of increased perfusion on ioMRI

corresponded to areas of residual tumor tissue on pathologi-

cal examination confirming the need for additional tissue

resection. These areas of increased perfusion were also

found to correlate with areas of contrast enhancement

when the neuronavigation was updated.

Discussion

Intraoperative MRI-guidance has been felt to improve health

outcomes for patients by reducing the repeat tumor resection

rate, hospital length of stay, and overall hospital costs [11].

High field ioMRI systems clearly offer some advantages

over lower field systems namely the higher functionality

that allows for advanced MRI that includes MRA, MRV,

MRS, DWI, and perfusion MRI. This advanced functionality

has led some investigators to consider whether or not there

would be an advantage to ioMRI-guided surgery at 3 T [5].

We initially adapted a diagnostic 3 T scanner (Philips Medi-

cal Systems) for intraoperative use (Fig. 4) although other

Fig. 13 Axial turbo fluid attenuated inversion recovery (FLAIR) scan

demonstrating the area of superimposed brain activation immediately

posterior to the area of increased signal that was found to be a low grade

oligodendroglioma on pathological examination. The task being per

formed on the blood oxygen level dependent (BOLD) study was tongue

tapping
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vendors followed suit shortly thereafter, such that there are

now several 3 T systems modified for surgery. The primary

difference between the 1.5 T and the 3 T ioMRI suites is that

at the higher field strength everything that enters the room

must be MRI-compatible. The only instruments that we have

not found a non-ferromagnetic replacement for are the scal-

pel blade and the suture needles. The scalpel blade that we

use has a retractable plastic guard that covers the blade when

not in use and the MRI-compatible titanium suture needles

are both cost prohibitive and less sharp. To the surgeon,

when operating in the 3 T environment, there is virtually

no detectable difference as compared to the 1.5 T field

strength environment. The advantages that we have seen at

3 T are improved SNR, which provides improved visualiza-

tion of vascular structures and enhanced performance of

MRS and fMRI protocols. There has been no demonstrable

increased risk to the patient or staff, while there has been

increased efficiency. This improved efficiency, however, may

be in part related to the newer configuration whereby the

patient table is extended out the far end of the magnet and

can be advanced rapidly into the magnet at any time imaging

is felt to be necessary. The disadvantages associated with 3 T

ioMRI-guided surgery were the limitations associated with

not having stainless steel instrumentation with its greater

strength over titanium. There is also more pronounced im-

aging artifact associated with the titanium biopsy needle

(Fig. 14). This may also suggest that titanium aneurysm

clips will have significant imaging artifact that makes

image interpretation difficult and it may not be possible to

tell whether there is residual aneurysm neck remaining.

There is also a more pronounced artifact when air is in the

tumor resection cavity which confounds interpreting the

postoperative hemorrhage scans. As at 1.5 T, to minimize

such needle related artifact, it is helpful to align the needle

whenever possible with the main magnetic field Bo. This

works for most intracranial lesions, although is suboptimal

for temporal lobe lesions.

After over a decade of experience, intraoperative MRI-

guided surgery has finally been embraced by the neurosurgi-

cal community as evidenced by five separate systems being

operational in one metropolitan area, two at academic cen-

ters and three in community hospitals. As to whether there is

any advantage to considering magnet strength higher than

3 T is a question for debate. It is more likely that 1.5 T and

3 T ioMRI systems will be combined with state-of-the art

computed tomography, angiography, or positron emission

tomography equipment or some combination of such.
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3 T ioMRI: The Istanbul Experience

M. Necmettin Pamir

Abstract Intraoperative imaging technologies have impro-

ved surgical results in glioma and pituitary adenoma sur-

geries. With improvements and refinements 3 T intraoperative

MRI systems offer a potential of further improving these

results. Hereby we describe the equipment and technique of

a cost-effective shared-resource 3-T Ultra-high field intra-

operative Magnetic Resonance Imaging system and report

our continuing experience on surgical tumor resection.

A description of the facility design and equipment are

given along with examples from our experience on low-

grade gliomas and transsphenoidal surgeries. Our facility

based on the twin room concept and uses a 3-T Siemens

Trio (Siemens, Erlangen, Germany) scanner. The unit consists

of adjacent but independent MRI and operative suites, which

are connected by awide door for ioMRI procedure but are used

as conventional MRI and operative units. Rigid head fixation

during neurosurgery is achieved with a custom designed 5 pin

head-rest which also combines a 4þ4 channel head coil.

Operation is performed using regular non-MRI compatible

equipment and the patient is transferred to theMRI during the

procedure using a custom designed floating table. Advanced

sequences such as diffusion weighted and diffusion tensor

imaging, MR angiography, MR venography, MR spectro-

scopy can be performed with no changes in the setup and

result in image quality comparable to outpatient scans.

The intraoperative 3-T ultra high field MRI unit with the

twin room concept permits both diagnostic outpatient ima-

ging and image guided surgery in the same setting and is a cost

effective solution to afford a highly capable ioMRI system.

Keywords Intraoperative MRI � Low grade glioma �
Magnetic resonance imaging � Pituitary adenoma � Ultra-
high field MRI

Introduction

The drive for the development of intraoperative imaging

came from the field of neurooncology, due to a need for

improving the efficiency of tumor resection. The role of

surgery in the treatment of glial tumors is one of the contro-

versial issues in neurosugical practice. Glial tumors grow in

an infiltrative fashion which precludes a true oncological-

resection of these tumors [1]. However; studies have shown

that a more radical resection is associated with longer sur-

vival, better quality of life and lower chance of malignant

degeneration over time [1 3]. Prospective randomized, mul-

ticenter trials have shown that neither radiotherapy nor che-

motherapy have a significant effect on patient survival in

low-grade gliomas (LGG). Currently the most effective form

of treatment for LGG is complete surgical excision [2].

Studies have also indicated that patients do benefit from

the extent of this resection with better outcome after more

complete resections [1 3].

Another drive for the development of intraoperative MRI

systems was their potential use in transsphenoidal surgery.

Most studies have indicated that residual adenoma tissue is

frequently found after transsphenoidal resections of pituitary

adenomas. Intraoperative detection of these residuals carried

the prospect of more complete resections.

The Development of ioMRI Technology

The adaptation of an MRI scanner into the operating room is

a fairly new concept and therefore the design and technology

of the systems have varied considerably. The first intra-

operative MRI unit that became operational was installed

at Brigham andWomen’s hospital in Boston in 1994 [4]. The

initial design was nicknamed the ‘‘double-donut’’ and was a

0.5-T General Electric magnet (SIGNA SP, General Electric

Medical Systems, Milwaukee, WI). In this initial design both

the patient and the surgeon were inside the magnet where the
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surgery was performed using all non-ferromagnetic surgical

equipment. Similar low field (0.2 0.5 T) designs worldwide

followed this first application including the Erlangen [5]

and Toronto Siemens low field systems (Magnetom OPEN;

Siemens Medical Systems, Erlangen, Germany) and the

Hitachi [6] system (Fonar, Melville, NY; Hitachi Medical,

Twinsburg, OH). The short to midterm follow-up results of

surgeries performed using low field systems have recently

begun to appear in the neurosurgical literature [7, 8]. Ana-

lyzing the results for glioma surgery with the initial double

donut design from Brigham and Women’s hospital, Claus

et al. [7] have shown that the odds ratio for recurrence is 1.4,

and the odds ratio for death is 4.9 when subtotal vs. total

resection using ioMRI was compared.

The adoption of the MRI scanner into the operating room

was a significant development in the field of neurooncology,

which also sparked the start of a rapid evolution of this

technology. The use of high-field MRI equipment in the

operating room was the second important development in

this field. The image quality and signal-to-noise ratio of the

MRI improves with increasing magnet strength and magne-

tic gradients. Low-field systems suffer from low anatomical

resolution, slow speed and the lack of most sophisticated

MRI sequences, which are indispensable in today’s MRI

technology. Application of the 1.5 T technology improved

anatomical resolution in imaging; enabled acquisition of

good quality T2 weighted images, which are the standard

MRI sequence for low grade glioma. Several high-field

systems were installed worldwide including the Philips sys-

tem at University of Minnesota [9], Siemens systems at

University of Erlangen [10] and University of California

and the IMRIS system at Calgary-Canada [11]. Clinical

reports have documented that these systems were capable

of increasing the extent of resection [12, 13].

Further evolution in intraoperative MRI technology

brought ultra-high field (3 T) scanners into the operating

room. This upgrade from 1.5 to 3 T scanners brings further

refinements in imaging quality and speed. Few ultra-high

field systems have been reported in the literature so far and

the technology was pioneered by the 3 T-Philips system at

University of Minnesota-USA [9, 14], the 3 T-Siemens at

Acibadem University-Turkey [15, 16] and finally the second

Philips system at Cliniques Universitaires St-Luc, Université

Catholique de Louvain-Belgium [17]. The first clinical

series analyzing the results of low grade glioma surgery

was reported by our institution and showed an increased

gross total resection rate comparable to the results obtained

by low- and high- field systems [15]. Probably the most

significant gain from installation of the ultra-high field sys-

tems was the routine application of very high resolution T2

weighted images as the standard imaging sequence. Other

exciting developments also followed: Application of proton

MR spectroscopy (MRS) and diffusion weighted imaging

(DWI) to differentiate peritumoral T2w MRI changes in

normal parenchyma from residual tumor, which can be

problematic even in postoperative imaging, was performed

without technical difficulties [15]. Diffusion weighted ima-

ging was used to monitor surgically induced ischemia [15].

Previous studies using low field imaging had already shown

that complications such as intraoperative bleeding could

be demonstrated using ioMRI [18]. With the use of high

and ultra-high field ioMRI intraoperative Diffusion Tensor

Imaging (DTI) was also performed to demonstrate the corti-

cospinal tract [19, 20]. All of these technologies are still

being validated, further investigated and undergoing refine-

ment and their impact on long-term patient outcome and

quality of life still needs to be investigated.

While some designs aimed at adopting more sophistica-

ted magnet designs into the operating room, alternative

strategies have emerged which aimed at developing low-

cost, low-bulk systems, exemplified by the 0.12-T system

which had permanent magnets of 40 cm diameter placed

25 cm apart from each other [21]. Use of a 0.15-T version

of ultra-low field designs for LGG surgery was reported by

Johann Wolfgang von Goethe University in Germany (Pole-

star N20 system, Medtronic Navigation, Louisville, CO) [8].

Along with this evolution in magnet technology there was

also a significant refinement in operating room designs. The

initial Signa SP system was designed to be dedicated opera-

tive equipment [4]. The design was based on the concept of

surgery inside the magnetic field and therefore required the

use of non-ferromagnetic equipment, which significantly

increased the installation and running costs of such a system.

These costs increase further with increasing magnet

strength. Financing such a big system is a major burden for

most academic or private institutions. An alternative was

offered by Siemens [5] and Hitachi [6] low-field systems

by designing shared-resource facilities where the MRI gan-

try and the operating room were separated and the MRI was

used both for operative and outpatient purposes. Similar

designs were developed for high-field systems [22]. Siemens

ioMRI design reverted to single dedicated operating room in

the Siemens 1.5-T Brain Suite design [10, 23]. The Siemens

system installed at our institution in Istanbul-Turkey used

the twin-room philosophy to reduce cost by allocating the

equipment to diagnostic outpatient imaging at times when

MRI is not needed intraoperatively [15, 16, 24]. A similar

design was also adopted by the Philips system installed in

Belgium [17].

The Acibadem University ioMRI Facility
Design

The Acibadem University-ioMRI suite brings together a

Siemens Trio 3 T MRI scanner and a twin-room facility

design. This shared resource 3 T-ioMRI setup is not the
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adoption of an existing facility but a completely novel

design. To complete the system several additional pieces of

equipment were specially designed which include a 5 pin

head-fixation device/4+4 channel head coil combination and

a floating-patient transfer table. The unit became operational

in June 2004 and after initial optimization of the setup the

first ioMRI procedure was performed in November 2004.

Within the first 3 years of use a wide array of neurosurgical

procedures were successfully performed in the 3 T-ioMRI

environment. During this first 3 years a total of 19,217

diagnostic scans were performed using the same MRI equip-

ment. Most commonly performed operations at our institu-

tion were tumor resections and transsphenoidal explorations.

Other procedures such as brain biopsies, deep brain stimula-

tions, aneurysm and epilepsy surgery were also performed.

The advantages of the shared-resource Siemens Trio 3 T

system at Acibadem University are several fold (1) This is

an ultra high-field system with very high image quality,

advanced imaging capabilities and high speed. (2) The sys-

tem is based on the twin room concept which, by allocating

the system both to intraoperative and outpatient diagnostic

use, therefore offering economically very appealing solution

for institutions which find it difficult to finance a dedicated

operating room MRI equipment. MRI compatible surgical

instruments are not required and neurosurgery is performed

using regular ferromagnetic equipment, which is another

factor that limits the running costs.

Image Quality: Imaging Capabilities

The 3 T MRI (Trio; Siemens, Erlangen, Germany) is a

commercially available, fully functional diagnostic scanner

that is equipped with strong imaging gradients (40 mT/m,

200 mT/m/ms) and state-of the art pulse sequences. The EPI-

capable gradient set and Syngo 2004A software platform

permits fMRI studies, perfusion/diffusion weighted imaging

and proton spectroscopy. The images were reconstructed

and displayed immediately after acquisition in the monito-

ring room.

Our routine 3 T- ioMRI protocol in both low grade glioma

and pituitary adenoma patients is based on triplanar very

high resolution T2W images. Such very high resolution

images were not possible with lower magnet strengths.

These intraoperative images are interpreted by direct com-

parison corresponding baseline images obtained at the start

of the operation. Baseline images increase the accuracy and

greatly simplify the interpretation of intraoperative images.

Intravenous contrast was not a part of routine baseline

images, however it was used in certain high grade glioma

or pituitary macroadenoma cases on the on the first-look

ioMRI session upon special indication. Diffusion weighted

imaging to exclude vascular complications, single voxel

Proton MRS to differentiate between residual tumor and

edema, MRA and MRV to demonstrate vascular structures

were performed as needed. An update of neuronavigation

was performed when necessary which took an additional

3.5 min. Results were interpreted together by the radiologist

and the neurosurgeon.

Early postoperative MRI has been proven effective in

accurately evaluating surgical results in glioma surgery

[25]. The image quality provided by the current high-field

and ultra-high field ioMRI systems is not any inferior to

postoperative MRI studies [14 17, 24, 26]. Therefore, an

optimal evaluation of the surgical outcome can be obtained

during the procedure and further improvements can be

carried out before the procedure ends without increasing

morbidity.

Although morphologic ioMR images provide valuable

data on the extent of resection, in certain circumstances

conventional sequences fall short of differentiating treat-

ment effects from residual tumor [27]. On preoperative

MR imaging a significant proportion of the glial tumors

present with a T2w hyperintense rim around the tumor

mass that is suggestive of peritumoral edema or tumor infil-

tration. In our experience this area expanded slightly after

resection and this unexpected peritumoral intensity change

prompted further studies. In such instances we used Proton

Magnetic Resonance Spectroscopy (MRS) in combina-

tion with diffusion weighted imaging (DWI) to identify the

nature of this tissue around the resection cavity [15].

When our facility was designed there was no previous

experience with the application of a 3 T magnet to intrao-

perative imaging and therefore we carried concerns that

image distortion and artifact due to increased susceptibility

could limit image quality. After optimization of the setup the

only limitation was in the application of diffusion tensor

imaging [15]. Analysis of this problem indicated to field

inhomogenities created by ferromagnetic parts in the head

coil. These problems have been solved by modifications in

the head coil and DTI images are now flawlessly acquired.

Twin Room/Shared Resource Design

Advanced technology certainly has its price: Ultra-high field

systems are more expensive than high and low field equip-

ment. Financing such a big system is a major burden for

most academic or private institutions. But the design of our

facility greatly reduced this burden by allocating the equip-

ment to diagnostic outpatient imaging at times when MRI is

not needed intraoperatively. When the scanner is not used

for intraoperative imaging the radiology team performed an

average of 25 outpatient MRI sessions per day and more than
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19,000 outpatient MRI procedures were performed in the

first 3 years of the facilities use [15].

In the Acibadem University ioMRI suite the MRI gantry/

control room and the operating theatre are totally indepen-

dent and for ioMRI sessions the patient is transferred from

the operating table into the gantry on a custom designed

floating table. This 3 m long transfer takes an average of

1.5 min and the routine imaging paradigm another 6 8 min

totaling to 10 min for each ioMRI imaging session. This new

design neither causes a significant difference in the daily

number of outpatient diagnostic studies nor blocks an

operating theater only for ioMRI procedures. Former studies

have reported patient transfer as a drawback, but the newly

designed operation-transfer table setup has greatly simpli-

fied and facilitated the process. During the procedure the

sliding surface of the patient table is conveniently moved to

the docked transfer table and the patient enters the gantry on

this floating transfer table. As the head rest is attached to the

sliding surface, the patient position does not change. The

transfer process is simple and therefore less prone to techni-

cal failure. In shared resource designs the gantry room is

used both for operative and outpatient purposes and risk of

infection is cited as a potential problem [5, 6]. In the Aciba-

dem University ioMRI system the operating room is pres-

sure regulated, the gantry room is sterile cleaned before each

procedure and the wound is sterile draped during each trans-

fer. We have not encountered a single case of infection

during the first 6 years of use. No anesthesia related pro-

blems or complications were encountered either.

In the shared resource design there is no requirement

for MRI compatible operative instruments. Regular ferro-

magnetic neurosurgical instruments, operative microscopes,

navigation setup, diagnostic equipment such as ultrasound,

electrophysiological monitoring and anesthesia equipment

are routinely used during the operation. Compatibility with

regular neurosurgical instruments helps in limiting the

running costs. Only exceptions are the MRI compatible

head-rest and MRI compatible anesthesia equipment that is

used inside the gantry.

Application in Low Grade Glioma Surgery

Several studies have consistently indicated that the extra

information provided by the low or high field ioMRI aids

in optimizing high and low grade glioma resections [3, 6 8,

12, 13, 15, 22 24, 28 30]. The studies analyzed both

low and high grade gliomas and the incidence of residual

tumor in these reports ranged from 36 to 94% and further

resection resulted in gross total tumor removal in an addi-

tional 29 41% of these patients.

Our pre-ioMRI experience indicated on the important

role of extensive surgical resection in the treatment of low

grade gliomas [31]. The first clinical analysis of low grade

glioma patients using ultra-high field ioMRI reported by our

institution also concluded that the ioMRI detected residual

tumor in approximately half of the patients and this finding

prompted further tumor resection. In 40% of the cases these

residuals could not be detected by visual inspection or by

intraoperative ultrasonography. The use of ioMRI led to an

increase in the number of gross total resections by one third,

bringing it up to almost 75% (Fig. 1).

Use of the ioMRI was also important for safety of the

glioma surgery. Cortical mapping studies in patients with

hemispheric gliomas have demonstrated that these infiltra-

tive lesions may contain functionally normal tissue within

the tumor substance [26]. Resection of gliomas in functional

brain regions caries a risk of injury to neighboring cortical

areas and/or subcortical pathways. Precise and accurate

information on cortical function (from fMRI) and subcor-

tical connectivity (from DTI) is of great importance for

protection of valuable brain tissue and preserving functional

integrity. The information helps in both defining resection

margins and also surgical planning to choose safe entry

routes. Our report on low grade gliomas has indicated that

close to two thirds of the cases were located in eloquent

areas and preoperative imaging indicated presence of func-

tional tissue inside the tumor tissue in one tenth of cases

[15]. Resection of the involved area was not attempted such

cases. Also, operative complications such as hematomas,

ischemia and infarction were effectively monitored using

both anatomical imaging data as well as DWI.

Application in Transsphenoidal Surgery

The use of the intraoperative MRI during transsphenoidal

surgery is another major focus of interest in our institution.

Our previous experience showed that early postoperative

imaging was very important in determining the surgical

outcome after transsphenoidal surgery for pituitary adeno-

mas [32]. We have recently analyzed our initial results with

ioMRI during transsphenoidal surgery. During the initial 4

years ater the setup of our facility 42 patients underwent

transsphenoidal resections for nonsecretory adenomas.

21.4% of these cases were previously operated recurrent

cases. Our surgical aim was total surgical excision. In

cases with frank cavernous sinus invasion the the surgical

aim was excision of the extrcavernous portion followed by

radiosurgery for the intracavernous portion. The ioMRI pro-

cedure took less than 10 min including the transfer and

very high resolution T2w images are obtained without the

use of contrast (Fig. 2). Intraoperative MRI findings were
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confirmed at the first follow-up examination 3 months after

surgery. In cases with frank cavernous sinus invasion resec-

tion of the extracavernous portion was attempted. A first-

look MRI led to further resection in 3 of 13 cases and further

tumor resection was achieved in all re-explorations. In cases

with no cavernous sinus invasion a total resection was

attempted. At the first-look ioMRI total resection was con-

firmed in 69%. In 6.9% no further resection was attempted.

A re-exploration was prompted in 24.1%, based on residual,

potentially resectable residual adenoma. In 57% of these,

a total resection could be achieved which increased the

overall total resection rate to 82.8%. In one patient the

Fig. 2 Pituitary macroadenoma

w|th suprasellar extension (as can

be seen on coronal (a) and sagittal
(b) contrast enhanced images)

was operated using 3 T ultra high

field intraoperative MRI.

Intraoperatively acquired coronal

(c) and sagittal (d) high resolution
T2 weighted images revealed

total resection. Identical coronal

(e) and sagittal (f) T2 weighted

images performed at the third

month follow up study confirmed

the findings from intraoperative

images

Fig. 1 A left frontal low grade

glioma (a) was operated using

3 T Ultra High Field

intraoperative MRI. The first

intraoperative scan performed

after initial resection and

ultrasonography control revealed

tumor remnant at the posterior

margin of the resection cavity

(b), which was further resected to

yield a gross total resection at the

end of the operation (c). A follow

up MRI 3 months after surgery

confirms gross total resection (d)
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intraoperative MRI detected a hematoma in the resection

bed, which was managed with immediate evacuation and

hemostasis without resultant morbidity.

Conclusions

• This is a novel intraoperative MRI system and com-

bines the shared resource design with an Ultra-high field

scanner.

• The shared resource design, and use of normal surgi-

cal equipment and instruments makes the design cost

effective.

• 3 T-ioMRI was effectively used in neurooncology with

the most dramatic results in low grade glioma resections

and transsphenoidal surgery

• Advanced imagines sequences such as Proton MR Spec-

troscopy (MRS), diffusion weighted imaging (DWI) dif-

fusion tensor imaging (DTI) were effectively used

intraoperatively. Intraoperative Proton MR Spectroscopy

(MRS) was useful in differentiating peritumoral paren-

chymal changes from residual tumor tissue.
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Intra-operative 3.0 T Magnetic Resonance Imaging
Using a Dual-Independent Room: Long-Term Evaluation
of Time-Cost, Problems, and Learning-Curve Effect

X. Pablos Martin, G. Vaz, E. Fomekong, G. Cosnard, and C. Raftopoulos

Abstract We present a short and comprehensive report of

our 39-month experience using a 3.0 T intra-operative mag-

netic resonance imaging (ioMRI) neurosurgical-MR twin

room, including a description of the problems encountered

and the associated time-delays. Forty-seven problems were

experienced during the 189 ioMRI procedures (two ioMRI

were performed in five of the 184 surgical procedures)

performed in the 39-month period, including a blocked

transfer table, failure of anesthetic monitoring material,

and specific MRI-related problems, such as head and coil

positioning difficulties, artefacts, coil malfunctions and

other technical difficulties. None of these problems pre-

vented the ioMRI procedure from taking place or affected

image interpretation, but they sometimes caused a signifi-

cant delay. Fifteen (32%) of these problems occurred during

the initial learning curve period. The mean duration of the

ioMRI procedure was 75 min, which decreased slightly with

experience, although an average waiting-for-access time of

24 min could not be avoided. These results illustrate that

although performing ioMRI at 3.0 T with the dual room is a

challenging procedure, it remains safe and feasible and

associated with only minor dysfunctions while offering

optimal image quality and standard surgical conditions.

Keywords Intra-operative magnetic resonance imaging �
Neuroimaging � Neurosurgery

Introduction

The first system to use intra-operative Magnetic Resonance

Imaging (ioMRI) for neurosurgical procedures was built in

the Brigham and Women’s Hospital in Boston in 1994 [1].

Since then, a wide range of ioMRI models has been deve-

loped, each with its own advantages and limitations (see [2]

for a review). Regardless of the type of ioMRI system used,

operating room time has been shown to be increased [3 12]

(but see [13]). The additional time needed to perform an

ioMRI procedure is closely related to the configuration of

the specific ioMRI system, and to the occurrence of technical

difficulties. Based on our 39-month experience with the

ioMRI dual-independent room suite built in our academic

hospital [14], we present the first detailed report of the time-

cost associated with ioMRI and the technical difficulties

encountered. This report provides useful information to any-

one interested in advanced ioMRI development.

Materials and Methods

Between February 2006, when the first ultra high-field

ioMRI was performed at our institution, and May 2009,

180 patients underwent 184 surgical procedures using the

3.0 T. ioMRI complex (Table 1; five patients had two ioMRI

so that 189 ioMRI were performed). The mean age of these

patients at the time of surgery was 44 years, ranging from

1.6 to 81 years. The cohort consisted of 88 female patients

(mean age 43 years, range 1.6 to 80 years) and 92 male

patients (mean age 45 years, range 2 to 81 years). Among

the 184 surgical procedures, 153 were a first operation

and 31 were repeated surgery for tumor progression. Histo-

pathological examination and clinical evaluation revealed

that the lesions were glioma (n¼64, WHO grade I: n¼11;

grade II: 9; grade III: 15; and grade IV: 29), pituitary

adenoma (n¼48), meningioma (n¼14), metastasis (n¼14),
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medulloblastoma (n¼4), schwannoma (n¼3), cavernoma

(n¼3), hemangioblastoma (n¼3), colloid cyst, choroid plex-

us papilloma, liponeurocytoma, chordoma, hemangioma,

cranopharyngioma, and epidermoid cyst (n¼1 each). In 20

other patients, a deconnection and/or resection procedure

was performed for treatment of medically refractory epilepsy

(MRE); of these 20 patients, 13 had cryptogenic epilepsy and

for seven patients, histological analysis revealed a dysem-

bryoplastic neuroepithelial tumor (DNET, n¼2), Bourne-

ville’s tubers, neuronal dysplasia, pilomyxoid astrocytoma,

astroblastoma (WHO grade II), and glioneuronal malforma-

tion (n¼1 each).

The design of the ioMRI suite, including imaging cap-

abilities, architectural setup and surgical equipment, has

been described in detail elsewhere [14].

For every procedure, data were collected prospectively

concerning the time needed to complete the different ioMRI

steps, and problems that occurred during the process, and

any consequences of such problems. The data were then

integrated into a spread sheet program for further analysis.

To evaluate any possible learning-curve effect, the 189

ioMRI procedures were grouped; groups of equal numbers

of procedures rather than of equal periods of time were

formed since the learning experience may be related more

to the number of procedures performed than to the period

of time.

Results

There were no adverse events related to ferromagnetic instru-

mentation in the MRI room during the study period, and

no patient or staff member experienced an injury or was

placed at risk because of the projectile effect. There were

no accidents related to patient transfer between the operating

room (OR) and the MRI room.

Table 2 summarizes the problems that were encountered

while using the ioMRI. Each problem was immediately

resolved in collaboration with technical and radiological

staff. None of these problems led to cancellation of the

procedure or inability to interpret the MRI.

The most frequent problem was a blocked transfer table

(n¼13), which occurred mostly during the first 7 months of

the study period, with a frequency of one in six ioMRI

procedures. Technical inspection of the table revealed an

internal software fault that was easily resolved. This pro-

blem did not recur over the subsequent 5 months and then

reappeared, occurring about once in every 21 ioMRI proce-

dures (1/4.33 months). The problem was generally related to

an internal software issue that was solved by restarting the

system. The actual delay caused by the blocked transfer table

was reported in only two cases, as 10 and 17 min. In the other

cases, the difference between the actual transfer duration and

the average normal transfer duration was estimated as 15 min.

Table 1 Characteristics of patients who underwent ioMRI between Feb 2006 and May 2009

Tumors and other pathology Patients, n (%) Sex F/M Age (min max) Primary/recurrent Surgery

Primary

Glioma 64 (46) 29/35 47 (1.6 81) 59/9 68a

WHO grade Ib 11 (6) 4/7 27 (2 68) 11/0 11

WHO grade IIc 9 (5) 7/2 40 (25 67) 9/0 9

WHO grade III 15 (8) 7/8 38 (26 49) 14/4 18

WHO grade IV 29 (16) 11/18 62 (35 81) 25/5 30

Pituitary adenomad 48 (27) 19/29 48 (15 77) 39/9 48

Meningioma 14 (8) 11/3 59 (35 80) 12/2 14

Schwannoma 3 (2) 1/2 68 (60 75) 3/0 3

Metastasis 14 (8) 9/5 54 (25 78) 10/4 14

Cavernoma 3 (2) 3/0 38 (30 44) 1/2 3

Medically refractory epilepsy

Without lesion 13 (7) 7/6 15 (3 29) 13/0 13

With lesione 7 (4) 3/4 15 (4 37) 5/2 7

Otherf 14 (8) 6/8 31 (2 63) 11/3 14

Total 180 88/92 44 (2 81) 153/31 184
aIncluding 4 surgical procedures for tumor progression (3, 6, 15 and 17 months)
bPatient #145: LG glioma or DNET, Patient#147 glioma vs. dysplasia
cIncluding three gangliogliomas
dFor six patients, normal tissue was found on histological examination
eLesions were: Tubers, dysembryoplastic neuroepithelial tumor (n 2), neuronal dysplasia, pilomyxoid astrocytoma, glioneuronal malformation,

and astroblastoma GII
fColloid cyst, choroid plexus papilloma, hemangioblastoma (n 3), liponeurocytoma, medulloblastoma (n 4), chordoma, hemangioma, crano

phayngioma, and epidermoid cyst
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MRI-related technical problems included an unplugged

or malpositioned coil (n¼5), a missing or non-functional

coil in the MRI room (n¼7), problems with positioning the

head in the MRI scanner (difficulty placing the isocenter,

n¼7), metal artifacts because of a surgical metal star holder

or head clamp (n¼1 each), air artifacts, registration pro-

blems, MRI software bugs, air equilibration problems, a

non-MRI-adapted tube, and insufficient contrast agent (n¼
1 each). The artifacts occurring as a result of head position

(when repositioning was deemed unnecessary), metal or

pneumencephaly did not prevent interpretation of the MRI.

There were two unplugged or malpositioned coil problems

in the first three months, but only three in the subsequent

36 months. This problem was solved by re-plugging or

repositioning the coil and usually caused a significant delay

of about 15 min (5 38 min).

The problem of a missing coil or one that could not be used

for technical reasons was solved by using another coil. In one

case (patient #170), a body coil was used and, although de-

creasing the signal-to-noise ratio, this allowed satisfactoryMR

imaging. These problems occurred mostly in the last 6 months

with five incidents (1/4.2 ioMRI) and special attention is being

paid to try and prevent this problem. The other MRI related

problems occurred evenly though the 39-month period.

There were also delays related to anesthetic issues (n¼7),

with a mean duration of 13 min (2 20 min). These problems

included difficulties with monitoring material (n¼3), the

respirator (n¼2), SPO2, and one unknown (n¼1 each),

and occurred with a relatively stable frequency of one case

every 5.71 months. Each anesthetic problem was successful-

ly handled and there were no related adverse events.

Waiting for access to the MRI room. Because the MRI

equipment is also used for routine diagnostic and research

activity, neurosurgeons always warn the MRI staff about 1 h

in advance that theMRI room should be converted for surgical

conditions. Nevertheless, in 167 (88%) cases therewas a delay

in gaining access to the MRI room, this proportion ranging

from 62% to 100% depending on the time period (Fig. 1). The

average waiting time was 24 min (range 0 90 min).

Table 3 summarizes the time required to perform the

different steps of the ioMRI procedure. Transfer of the

patient to the MRI room took a mean of 11 min (range

2 40min: patient #139, blocked transfer table needing system

restart). The transfer time decreased, from a mean of 14 min

in the first group of 21 procedures to 8 min in the last cluster,

paralleling the incidence of problems with the transfer table.

The scanning procedure itself required a mean of 31 min

(11 76 min) and the transfer back to the OR took a mean of

8 min (range 2 40 min: patient #27, problem with transfer

table). Hence, the ioMRI procedure, including both trans-

fers, was completed in a mean time of 51 min (46 57 min)

across the whole study period; this time decreased from

55 min in the first half of the study period (105 procedures,

21 months) to 47 min in the second half (84 procedures,

19 months). Finally, the whole process, including waiting

time for access, took a mean time of 75 min (27 140 min),

which decreased slightly from 77 min during the first half of

the study period (105 procedures, 21 months), to 70.5 min in

the second half (84 procedures, 19 months).

Discussion

Our data show that performing ioMRI at 3.0 T is a challenging

procedure but remains feasible and safe. To our knowledge,

no untoward events related to the magnetic field strength have

ever been reported in the literature. Our experience shows

Table 2 Problems associated with the ioMRI system and their evolution over time

ioMRIa Period (month)

Wait for access to

ioMRI

Other problems

Cases

no. (%)

Av. time

(min)

Blocked

transfer

table

Anesthetist

related

problemsb

MRI related problems

Unplugged coil

and coil position

Missing or non

functional coil Head position Otherc

21 3 (Feb May 06) 18 (86) 17 3 0 2 0 2 1

21 4 (May Sept 06) 20 (95) 20 4 2 0 0 0 1

21 5 (Sept 06 Jan 07) 21 (100) 25 0 0 1 0 0 1

21 5 (Jan Jun 07) 20 (95) 21 1 1 0 1 1 0

21 4 (Jun Oct 07) 21 (100) 30 1 1 0 0 1 2

21 5 (Oct 07 Mar 08) 20 (95) 27 1 1 0 1 0 1

21 4 (Mar Jul 08) 13 (62) 19 1 1 1 0 2 1

21 4 (Jul Nov 08) 16 (76) 27 1 1 1 0 1 0

21 6 (Nov 08 May 09) 18 (86) 28 1 0 0 5 0 1

189 40 (Feb 06 May 09) 167 (88) 24 13 7 5 7 7 8
aThe 189 ioMRI (two in five patients) were clustered in nine consecutive groups
bAnesthetist related problems included: respirator (n 2), SPO2, monitoring material problem (n 3), unknown
cOther MRI related problems included: Metal artifact (n 2); air artefact, neuronavigation registration problem; MRI software bug; air equilibra

tion problem; non MRI adapted tube; second contrast injection and new MRI
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that even at ultrahigh fields, careful training can insure the

ioMRI procedure is safe.

Every planned ioMRI procedure was completed success-

fully, enabling useful diagnostic information to be obtained.

Technical problems occurred more frequently soon after the

unit was inaugurated, with 15 technical problems during the

first 7 months of activity (32% of the 47 technical problems

experienced in more than 3 years). After this period, pro-

blems occurred occasionally, except for the non-functional

coil problems which occurred mainly in the last 6 months of

the study period. In these cases, the coil had to be changed,

which did not prevent the ioMRI procedure being performed

or limit interpretation of the images, but led to small delays.

Our experience (Fig. 2) supports the notion that a learning

curve is observed in the initial period, after which specific

technical requirements and equipment problems become

more common [15 17].

The nature of the technical problems reported here

appears very similar to those observed in other series. Arte-

facts on the MR images, because of ferromagnetic compo-

nents or pneumencephaly [5, 8, 9, 17 21], did not prevent

interpretation. Anesthetic equipment failure [12], difficulty

positioning the head in the scanner [15, 22, 23], coil position

[10, 20], non-functional coils [17, 24], and internal MRI

system failure [15, 17, 19, 21] are difficulties that have

been observed irrespective of the ioMRI system used. The

number of technical problems reported here may seem

somewhat higher than those reported in literature, but in all

cases the problems were immediately resolved so that all

procedures were performed successfully. These problems

should, therefore, be considered as minor issues and confirm

the reliability and feasibility of performing ioMRI at 3.0 T.

Transport of the patients in our series required on average

11 min to go and 8 min to return, with a range of 2 40 min

Fig. 1 Percentage of cases when

OR had to wait for access to

ioMRI and average waiting time

in function of team experience

Table 3 Average times in minutes (min max) for the different steps of the ioMRI process and their evolution over time

ioMRI Period (month) OR wait for MR Transfer to MR MRI duration Transfer to OR Total ioMRI

21 3 (Feb May 06) 17 (0 75) 14 (7 22) 28 (17 68) 9 (3 21) 72 (37 138)

21 4 (May Sept 06) 20 (0 44) 13 (7 35) 31 (17 60) 8 (2 40) 74 (53 120)

21 5 (Sept 06 Jan 07) 25 (5 75) 10 (4 15) 35 (16 55) 8 (3 15) 79 (45 135)

21 5 (Jan Jun 07) 21 (0 65) 11 (5 16) 37 (22 76) 8 (2 18) 78 (42 140)

21 4 (Jun Oct 07) 30 (10 60) 12 (5 25) 35 (11 70) 9 (3 25) 84 (55 124)

21 5 (Oct 07 Mar 08) 27 (0 55) 10 (5 15) 29 (17 60) 7 (2 25) 73 (35 130)

21 4 (Mar Jul 08) 19 (0 85) 11 (5 40) 29 (15 55) 8 (3 10) 67 (27 123)

21 4 (Jul Nov 08) 27 (0 90) 10 (3 30) 31 (15 52) 7 (2 25) 76 (36 138)

21 6 (Nov 08 May 09) 28 (0 60) 8 (2 10) 29 (15 55) 9 (2 23) 74 (34 120)

189 40 (Feb 06 May 09) 24 (0 90) 11 (2 40) 31 (11 76) 8 (2 40) 75 (27 140)

ioMRI intraoperative MRI (189 ioMRI with two in five surgical procedures), OR operating room
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for both. These durations are in accordance with other series

where an independent surgical room was used [16, 19, 25,

26], although some authors have reported a transfer time of

not longer than 3 min [23, 27, 28]. The average additional

time required to complete the whole ioMRI procedure was

75(27 140)min in our series. This duration is closely related

to the ioMRI infrastructure and to the numbers and types of

scanning sequences performed (e.g., whether or not an intra-

venous contrast agent is used). ioMRI has been associated

with an increased duration of surgery of 1 4 h [3 12], but

this could be decreased to 10 35 min [23, 27 30] with some

compromises in surgical conditions and imaging protocol.

Another potential source of delay is the time needed to

access the ioMRI room, which has not, to our knowledge,

been reported in other publications on this subject. Despite

an effort to schedule the time when the MRI scanner would

be needed, a large number of procedures (88%) were still

delayed by having to wait for access to the MRI room. The

average waiting time overall was 24 (0 90)min.

The dual independent twin room 3.0 T. ioMRI system

offers several advantages as it provides MR images with

quality as good as a diagnostic scanner; it does not interfere

with the regular operating room in terms of surgical access,

patient positioning and instrumentation; it includes an accu-

rate navigation tool; and it enables alternative use of the

magnet so that, when not needed by the neurosurgeon, it

can be used for routine diagnostic and research activity.

Disadvantages include the need to move the patient during

craniotomy and sometimes a wait for access to the MRI

room. Nevertheless, our large experience over more than 3

years confirms that ioMRI at 3.0 T is a safe and feasible

technique with only minor problems.
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23. Pamir MN, Ozduman K, Dinçer A et al (2009) First intraoperative,

shared resource, ultrahigh field 3 Tesla magnetic resonance imag

ing system and its application in low grade glioma resection.

J Neurosurg [Epub ahead of print]

24. Nimsky C, Ganslandt O, von Keller B et al (2004) Intraoperative

high field strength MR imaging: implementation and experience in

200 patients. Radiology 233:67 78

25. Nimsky C, Ganslandt O, Fahlbusch R (2002) From intraoperative

patient transport to surgery in the fringe field: intraoperative appli

cation of magnetic resonance imaging using a 0.2 Tesla scanner

the Erlangen experience. Tech Neurosurg 7:265 273

26. Nimsky C, Ganslandt O, Gralla J et al (2003) Intraoperative low

field magnetic resonance imaging in pediatric neurosurgery.

Pediatr Neurosurg 38:83 89

27. Pamir MN, Peker S, Ozek MM et al (2006) Intraoperative MR

imaging: preliminary results with 3 tesla MR system. Acta Neuro

chir Suppl 98:97 100

28. Ramina R, Coelho Neto M, Giacomelli A et al (2009) Optimizing

costs of intraoperative magnetic resonance imaging. A series of 29

glioma cases. Acta Neurochir (Wien) [Epub ahead of print]

29. Iseki H, Muragaki Y, Nakamura R et al (2005) Intelligent operating

theater using intraoperative open MRI. Magn Reson Med Sci

4:129 136

30. Lewin JS, Nour SG, Meyers ML et al (2007) Intraoperative MRI

with a rotating, tiltable surgical table: a time use study and clinical

results in 122 patients. AJR Am J Roentgenol 189:1096 1110

144 X.P. Martin et al.



Multifunctional Surgical Suite (MFSS) with 3.0 T ioMRI: 17 Months
of Experience

Vladimı́r Beneš, David Netuka, Filip Kramář, Svatopluk Ostrý, and Tomáš Belšán

Abstract The 3 T ioMRI in Prague is composed of two

independent suites: the operating theatre and the 3 T MR

suite, both of which can and do work independently. They

are connected by a double door and a special transportation

system. The whole operating table is moved on rails to

and from the MR gantry. Anaesthesiological equipment is

built from paramagnetic material, which is also moved

to and from the MR suite. The integral parts of the multi-

functional surgical suite (MFSS) are the neuronavigation

system, electrophysiological monitoring, surgical micro-

scope with availability of indocyanin green angiography

and fluorescence-guided glioma resection technique and en-

doscopy equipment. The operating theatre is equipped in a

normal fashion with the exception of a head holder that is

paramagnetic.

MR radiologist and MR assistants are alerted approxi-

mately 30 min before the requested intraoperative and out-

patient service is interrupted to clean the MR suite. The

ioMRI takes 15 20 min and immediately after the door

closes the out patient activity is resumed.

Intraoperative MR was performed in 332 surgeries in the

first 17 months of operation. The most frequent indications

were pituitary adenomas, followed by gliomas. Other indi-

cations were less frequent and included meningiomas, caver-

nomas, aneurysms, epilepsy surgery, intramedullary lesions,

non-pituitary sellar lesions, metastases and various other

surgeries. In 332 cases no technical or medical complication

connected with ioMRI was encountered.

Keywords Glioma � Intraoperative imaging � Magnetic

resonance � Neuronavigation � Pituitary adenoma

Introduction

In the past years the possibility of intraoperative imaging is a

fast developing field of neurosurgery [1 6]. Various modali-

ties and systems have been developed. In April 2008, the 3 T

intraoperative MR suite was opened at the Central Military

Hospital (CMH) in Prague. The system is jointly operated by

the Department of Neurosurgery, CMH and Charles Univer-

sity and Department of Radiology, CMH. In the following

paragraphs the main features of the MFSS will be described

and surgical procedures in which ioMRI has been used will

be summarised.

Materials and Methods

Multifunctional Surgical Suite (MFSS) description and

workflow (Fig. 1).

The 3 T ioMRI in Prague is composed of two independent

suites: the operating theatre and the 3 T MR suite (3.0 T

Signa HDx, General Electric). Both can and do work inde-

pendently. They are connected by a double door and a

special transportation system (Maquet Viwas). The whole

operating table is moved on the rails to and from the MR

gantry. Anesthesiological equipment (anaesthesiological

machine Aestiva5/MRI, Datex Ohmeda, vital signs monitor

IMM MRI, Datex Ohmeda) is built from paramagnetic

material, which can be moved to and from the MR suite.

The integral parts of the MFSS are the neuronavigation

system (VectorVision Sky, BrainLAB), electrophysiological

monitoring (Eclipse, Axon Systems), surgical microscope

with availability of indocyanin green angiography and
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fluorescence-guided glioma resection technique (OPMI

Pentero, Zeiss) and endoscopy equipment (both Storz and

Wolf endoscope). The operating theatre is equipped in a

normal fashion with the exception of a head holder that is

paramagnetic (Integra for general electric).

Thirty minutes before the requested intraoperative MR,

the radiologists are alerted and out-patient service is inter-

rupted to clean the MR suite. The ioMRI takes 15 20 min

and immediately after the door closes the out patient activity

is resumed.

Over the past 17 months (April 2008 August 2009), 332

surgeries with single or multiple intraoperative imaging

were performed. In the same period the surgical theatre

was used for 300 other neurosurgical procedures of all types

in which ioMRI was not called into service. Some 15 20 out-

patient MR studies are performed daily in the MR suite.

Procedures in Which ioMRI Was Performed

Use of the ioMRI is always determined before surgery. In

general, we use ioMRI in all endoscopic endonasal surgeries

and in all glioma surgeries. All other indications are individ-

ual. Table 1 summarises the types of surgery where ioMRI

was performed.

Results

In 332 cases no technical or medical complication connected

with ioMRI was encountered. In all cases the quality of

imaging was sufficient for the surgeon despite that the

quality varied because of technical adjustments, a temporary

lack of adequate coils and the learning curve of both neuro-

surgeons and radiologists.

Discussion

The primary use of ioMRI is for all types of glioma, where

ioMRI helps in increasing radicality and decreases the risk

of surgery. The same is true for pituitary adenomas in which

a certain number of surgeries for recurrences can be avoided.

These two areas are clear and well documented [7, 8] and the

subject of other presentations of our group in this issue.

Immediate Postoperative Imaging

The system very easily allows for immediate postoperative

imaging. This imaging is performed immediately after

the wound suture and dressing while the patient is still

under general anaesthesia. The value of these images is the

availability of immediate information. Images provide the

neurosurgeon with information about the brain condition and

Table 1 Neurosurgical procedures performed in ioMRI OR in the first

17 months

Pituitary adenoma 122 Hypothalamic hamartoma 3

Glioma 112 Lymfoma 3

Meningioma 23 Carotid endarterectomy 2

Cavernoma 15 Orbital tumor 1

Aneurysm 11 Tuberculoma 1

Other sellar lesions 10 Choroid plexus carcinoma 1

Epileptosurgery 7 Cavernous sinus schwannoma 1

Intramedullary lesions 6 Spinal meningioma 1

Metastases 6 AVM 1

Cyst/Absces 5 Intracerebral hematoma 1

Fig. 1 Operative room with an

ioMRI setting
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shift after surgery and they improve the decision about

postoperative care (e.g., should the patient be ventilated or

awakened)? The images also serve as the baseline for sub-

sequent postoperative imaging. An immediate postoperative

MR study can also have legal value.

Intraoperative Navigation

Even with the implementation of navigation systems, the

surgeon can encounter problems in finding the lesion (e.g.,

deep-seated small cavernoma). In such a case ioMRI pro-

vides an obvious solution. The lesion can easily be re-navi-

gated using the intraoperative images. Navigation and

renavigation are also used not only for the lesion remnants

but also in biopsies, endoscopic procedures, in multiple

cystic lesion targeting, etc.

Intended Partial Resection

In certain cases of very large meningiomas and some other

lesions the surgeon plans a partial/subtotal resection for a

variety of different reasons, including age or unfavourable

general health of a patient and fear of over decompression

after the total resection. It is rather difficult to assess the

extent of resection in, e.g., a large cribriform plane meningi-

oma. Usually, the surgeon overestimates the extent of resec-

tion. It is obvious that the precise extent of surgery required

can easily be assessed by ioMRI [9].

Skull Base Tumours

The role of ioMRI is the same as for gliomas and pituitary

adenomas, namely enhancing radicality whilst concomitantly

decreasing the risks of surgery. However, in these tumours

ioMRI can also show the distance to vital structures during

piecemeal resection. The shift of the brain structures is easily

shown and in skull base tumours intraoperative navigation is

always precise and helpful (the skull base structures do not

move). ioMRI can be useful in both classical and endoscopic

approaches.

Extent of Resection in Epilepsy Surgery

ioMRI can be employed to assess the extent of resection

in comparison with preoperative planning [10, 11]. However,

because of the intraoperative brain shift, this may be rather

difficult and peroperative monitoring is more precise.

Intraoperative Assessment of Acute Ischaemia

DWI images clearly show the extent of ischaemia after, e.g.,

aneurysm clipping, which would allow for immediate clip

replacement. In AVM surgery inadvertent occlusion of the

en passage artery can be disclosed.

Biopsies

The exact position of the biopsy needle can be ascertained [12].

Cystic and Multicystic Lesions

The exact and immediate decrease in cyst volume can be

shown and subsequent movement and changes of additional

cysts in multicystic lesions accurately targeted [13, 14].

Spinal Cord Tumours

The use of ioMRI is the same for spinal cord tumours as for

brain gliomas. However, the safe extent of resection is

probably more closely monitored by SSEPs and MEPs.

Extradural Spinal Tumours

Control of the extent of resection and resection of any

remnants can be enhanced by ioMRI.

Spine Surgery

Mastronardi et al. studied the prognostic relevance of

the postoperative evolution of intramedullary spinal cord

changes in signal intensity on magnetic resonance imaging

after anterior decompression for cervical spondylotic mye-

lopathy [15]. Although we are not convinced whether ioMRI

has any real value in this kind of surgery, it should be noted

that it might be applied.

All these potential areas have not yet been sufficiently

addressed and thus the possible benefits of ioMRI will be
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demonstrated more clearly in the future. The use of tracto-

graphies during surgery or the integration of functional MR

would certainly be of interest. It is probable that software

adjustment of functional images to the brain shift shown on

peroperative images would facilitate the availability of a

sufficient position of eloquent areas on intraoperative

images. This multimodal imaging seems to be the most

challenging field today (Fig. 2).

We can expect the use of this technology to spread in the

near future, similarly to the widespread use of CT in the

1970s, MR in the 1980s and endovascular technologies,

radiosurgery and navigation systems in the 1990s. Novel

and exciting possibilities of intraoperative imaging can be

anticipated.

Conclusions

ioMRI and other types of intraoperative imaging are modern

technologies that enable the neurosurgeon to perform precise

and safe procedures. Whilst intraoperative imaging is cur-

rently used most frequently for gliomas and pituitary adeno-

mas, its potential use in many other areas of neurosurgery

will be addressed and studied in future investigations.
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Intra-operative MRI at 3.0 Tesla: A Moveable Magnet

Michael J. Lang, Alexander D. Greer, and Garnette R. Sutherland

Abstract This paper presents the development and imple-

mentation of an intra-operative magnetic resonance imaging

(ioMRI) program using a moveable 3.0 T magnet with a

large working aperture.

Methods: A previously established prototype 1.5 T ioMRI

program based on a ceiling-mounted moveable magnet was

upgraded to 3.0 T. The upgrade included a short, 1.73 m,

magnet with a large 70 cm working aperture (IMRIS,

Winnipeg, Canada), whole-room radio-frequency shielding,

and a fully functional MR-compatible operating room (OR)

table. Between January and September 2009, 100 consecu-

tive patients were evaluated at 3.0 T.

Results: The ioMRI upgrade maintained a patient-focused

environment. When not needed for surgery, the magnet was

moved to an adjacent room. A large aperture and streamlined

ORtableallowed freedomofpatientpositioningwhilemaintain-

ingaccess andvisibility.Workingat3.0Tenabledapplicationof

advanced imaging sequences to the full spectrum of neurosurgi-

cal pathology in the ioMRI environment. The use of ioMRI

continues to show unsuspected residual tumor in up to 20% of

cases.Therewerenoadverse events or technical system failures.

Conclusion: An ioMRI program based a 3.0 T moveable

magnet is feasible. By moving the magnet, the system main-

tains a patient-focused surgical environment and the ability

to share the technology between medical disciplines.

Keywords 3.0-Tesla � Intra-operative imaging � Magnetic

resonance imaging � Neurosurgery

Introduction

Intra-operative magnetic resonance imaging (ioMRI) has

been used in neurosurgery for over ten years. The techno-

logy has varied in respect to magnet design, magnetic field

strength, and operating room (OR) configuration [1 5]. Over

the past several years, adoption of ioMRI by the neurosurgi-

cal community has tended towards higher-field systems. In

1999, results related to the development and integration

of an ioMRI system based on a moveable 1.5-tesla (1.5 T)

magnet were reported [5, 6]. The system was designed as

a patient-focused environment, as, when not needed for

surgery, the magnet is moved to an adjacent room. Serendipi-

tously, this configuration was found to facilitate sharing of the

technology between surgery and other disciplines, such as

diagnostic imaging. The 1.5 T prototype system has since

been upgraded to 3.0 T.

Signal-to-noise ratio increases linearly as a function of

magnetic field strength [7]. This translates into higher image

resolution, decreased acquisition time, enhanced soft-tissue

contrast, and improved capability for functional MRI

(fMRI), diffusion tensor imaging (DTI), and multi-nuclear

MR-spectroscopy [8]. Enhanced image quality, together

with advanced software design, has encouraged widespread

acceptance of 3.0 T MRI. Several centers have successfully

integrated 3.0 T MR systems into various ioMRI configura-

tions (Table 1). Recent advances in 3.0 T technology have

resulted in the development of a relatively short magnet with

a working aperture of 70 cm, allowing enhanced patient

visibility and access, respectively [9]. The present report

describes the integration of such a magnet, and its use in

100 consecutive neurosurgical cases.

Materials and Methods

Technology

Magnet and Gradients

The ioMRI system includes a ceiling-mounted moveable

3.0 T magnet (IMRIS, Winnipeg, Canada) capable of transfer

into and out of the OR, whichmeasures 1.73m in length, with
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an internal diameter of 90 cm, and a weight of 8,000 kg,

compared to the 5,100 kg 1.5 T system. The working aperture

is 70 cm with shielded gradients in place. The 5-gauss fringe

field measures only 4�3.5 m2. The system provides a large

homogenous field of view measuring 50�50�50 cm at

isocenter, maximum gradient strength of 45 mT/m, and

slew rate of 200 mT/m/ms (Table 1).

Operating Table

Success of the ioMRI program at the University of Calgary

can, in part, be attributed to a unique MR-compatible OR

table [5, 6]. The table includes integrated 3- or 4-pin head-

holders and hydraulic motors that allow the full functionality

of a standard neurosurgical OR table. Currently in its fifth

generation, the table is wider (56 cm), has a thinner vertical

profile (14 cm), and now includes table side rails. The table

is also able to rotated 90�, increasing the separation from the

5-gauss line, which has allowed the safe introduction of

endoscopy and other non-MR-compatible technology into

the ioMRI environment.

RF Coils

RF coils are one of the most critical components of an MRI

system, owing to their impact on signal-to-noise ratio.

Coil design for ioMRI must take into account head fixation

compatibility, field sterility, and maintenance of surgical

access. The RF system is based on a transmit body coil

and a number of different receive coils, depending on the

application. The RF train can have up to 102 elements with

32 channels, with software capable of turning elements on

or off, depending on the field of interest. This RF

technology reduces total acquisition time while maintaining

image resolution via the application of parallel imaging

techniques.

RF Shielding

In upgrading from 1.5 to 3.0 T, the decision was made to

change from local to whole-room copper RF shielding, with

attenuation of at least 100 dB. The number of electrical

devices in the OR necessitates extensive use of wave guides,

filtering, and conversion of electrical signals to fiber optics,

where possible. A copper mesh-impregnated glass panel

was installed between the MR control-room and the OR,

allowing uninterrupted patient visualization during imaging.

Wooden doors were constructed for the magnet storage

alcove to provide additional safety. The ioMRI suite was

fitted with acoustic tiling to minimize emanating noise.

Clinical Material

Prospective study of 100 consecutive patients undergoing

3.0 T ioMRI-assisted neurosurgical procedures was per-

formed from January to September 2009. With the exception

of thoraco-lumbar spine and peripheral nerve disease, the

patients represent the full spectrum of neurosurgical patho-

logy (Table 2), although the majority underwent treatment

for intracranial neoplasia.

Results

Technology

There has not been a single technological system failure in

the current series, compared to earlier experience with the

1.5 T prototype, in which 34 out of 986 cases (3.4%) were

accompanied by technical failure delaying sequence acqui-

sition (Table 2). The system has been successfully used with

patients placed in the supine, prone and lateral positions.

In the present series, there has not been a single adverse

event. The heaviest patient, who was positioned supine,

weighed 111 kg.

A range of imaging sequences, including T1-weighted,

T2-weighted, FLAIR, DTI and MR-angiography (MRA),

were successfully acquired in the intra-operative setting

(Fig. 1). The use of a dedicated image processor has greatly

improved the speed at which tractography images can be

displayed, allowing modification of surgical approach as

suggested by white matter anatomy (Fig. 2).

Table 1 Technical specifications of installed 3.0T ioMRI systems

Institution Scanner OR configuration Aperture (cm) Gradient (mT/m) Slew Rate (mT/m/ms)

University of Minnesota Philips Single room 60 40 200

Acibadem University Siemens Two room 60 45 200

Université Catholique de Louvain Philips Two room 60 40 120

Barrow Neurological Institute General Electric Two room 60 50 150

University of Calgary Siemens Moving magnet 70 45 200
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Patients

Patients in this 3.0 T series had a mean age of 43�19 years

(range = 13 months 83 years), with seven of the cases in this

series performed on pediatric patients, and a male to female

ratio of 1.2:1. This compares to a mean age of 42�18 (range¼
4 months 83 years) and a male to female ratio of 1.1:1 in 986

patients imaged at 1.5 T. A total of 170 imaging studies were

performed on the 100 patients using the 3.0 T ioMRI tech-

nology.

For patients undergoing intracranial neoplasm resection,

those requiring additional resection following intra-opera-

tive imaging are shown in Table 3. Unsuspected residual

tumor rates are only reported for the large 1.5 T data set,

though residual tumor continues to be observed in up to

20% of cases imaged at 3.0 T. Though not detailed here,

ioMRI has demonstrated additional benefits such as accurate

craniotomy placement or modified surgical decision-making

(Fig. 3). In addition to craniotomy for tumor resection, 3.0 T

ioMRI has been applied to uses such as confirmation of

spinal decompression during cervical spine procedures and

post-operative evaluation of arterial patency following an-

eurysm clipping.

Discussion

An ioMRI system based on a moveable 3.0 Tmagnet has been

successfully integrated into the operating room while main-

taining a patient-centered environment. A highly effective

Table 2 Intra operative MRI cases

Pathologic category 1.5 T (n 986) 3.0 T (n 100)

Tumors

Glioma 368 39

Meningioma 102 16

Pituitary adenoma 71 9

Metastasis 17 3

Vasculara 94 10

Epilepsy 157 7

Spine 38 2

Otherb 105 14

Technology failure 34 0
aAVM, cavernoma, aneurysm, EC IC bypass, micro vascular decom

pression
bEpendymoma, choroids plexus carcinoma, neuroblastoma, neuro

cytoma, schwannoma, craniopharyngioma, lymphoma, radiation necro

sis, hydrocephalus

Fig. 1 Imaging quality at 3.0 T: ioMRI images (a, coronal FLAIR; b, axial FLAIR) obtained from a patient with a 4th ventricle ependymoma.

Post resection images (c, DTI imposed on T1 images) with superimposed tractography demonstrate intact cerebellar white matter anatomy

following resection (arrow). Images of a sphenoid wing meningioma with dural tail (d, T2 coronal; e, T1 axial with gadolinium enhancement).

MR Angiography (f) demonstrates a small intra cranial aneurysm (arrow)
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3.0 T ioMRI program is dependent on the development of

multiple, interrelated technologies. Improvements in RF

shielding, image processing, and RF coil design have each

played a role. However, expanded working aperture and OR

table functionality remain key components of a broadly appli-

cable ioMRI system.

The University of Calgary currently possesses the only

3.0 T ioMRI system with a working aperture of 70 cm. An

arithmetic increase in working space corresponds to a multi-

plicative increase in the number of procedures to which

ioMRI can be applied. Only with such expanded application

will ioMRI be adopted by the neurosurgical community at

large. With the availability of a working aperture of at least

70 cm, the ioMRI magnet no longer dictates crucial deci-

sions such as patient positioning and approach. In this way,

movable ioMRI technology will empower surgeons to deve-

lop novel treatments without impinging upon the current

standard of care or exposing patients to undue hazard to

obtain imaging. The 70 cm aperture makes all standard

patient positions compatible with ioMRI, and expands the

use of other surgical adjuncts, such as robotics [10]. While

magnets with field strengths higher than 3.0 T have been

developed, working aperture size must remain a principal

consideration prior to introducing such technology into the

OR environment.

In similar fashion, an MR-compatible OR table with full

functionality continues to be the focal point of a patient-

centered ioMRI system. Paired with a mobile magnet, this

system permits the use of standard surgical technique, ac-

quisition of intra-operative imaging, and avoidance of

unnecessary and potentially dangerous patient transfer.

Notably, as the magnet can be moved out of the operating

theatre, the full table functionality is essential for OR use

during non-imaging cases.

Three principles must become axiomatic prior to general

adoption of ioMRI technology. First, it should be possible to

apply ioMRI to the entire spectrum of neurosurgical disease

without negatively impacting standard operative technique.

Secondly, given the environment of fiscal responsibility, it

should be designed to maximize cost-efficiency. Third, the

operating room must remain a patient-centered environment.

The application of 3.0 T ioMRI to date has upheld these

principles to varying degrees. Some investigators employ a

research-dedicated design incapable of efficient shared dia-

gnostic usage [11]. A two-room concept, in which patients are

transferred from the OR into a separate imaging suite, was

created in order to defray cost via shared use, and obviates

the need to purchase MR-compatible instruments [12, 13].

Such a layout necessitates transportation of the anesthetized

patient out of the OR for imaging, which could place the

patient at increased risk. Regardless of OR configuration, all

other 3.0 T ioMRI systems currently in place are limited

somewhat by a small working aperture. Architectural design

and technological development of the ioMRI program at the

University of Calgary have sought to systematically address

these principles.

Experience with 3.0 T ioMRI in 100 cases has been

encouraging as to potential improved patient outcome. It is

generally accepted that gross total resection of intracranial

neoplasm improves patient survival, and recent studies sug-

gest that high-field ioMRI can increase the rate of gross total

Fig. 2 Effect of pre operative

tractography on surgical

planning: Prior to resection of a

temporal lobe lesion associated

with intractable epilepsy, DTI

based tractography illustrates

displaced, yet intact, middle

temporal gyrus white matter

tracts (small arrows). Absence of
functional inferior white matter

tracts (large arrow) suggests a
sub temporal surgical approach

Table 3 Impact of ioMRI on intracranial neoplasm resection

Tumor type Number of cases Unsuspected

residual tumor (%)

1.5T 3.0T 1.5Tb

Gliomaa

Grade I II 212 9 27 (13%)

Grade III 89 20 18 (20%)

Grade IV 67 10 15 (22%)

Meningioma 102 16 2 (2%)

Pituitary adenoma 71 9 25 (35%)
aWorld Health Organization classification
bUnsuspected tumor data is reported only for experience at 1.5 T due to

the small 3.0 T sample size
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resection [14]. This series demonstrates the utility of intra-

operative imaging in neurosurgery, including detection and

resection of unsuspected residual lesions. Imaging prior to

patient positioning optimizes craniotomy placement and

surgical corridor orientation, and provides a unique educa-

tional environment for surgical planning. High-resolution

DTI-based white-matter tractography has been used

extensively in the operating room for surgical planning and

intra-operative evaluation of tract preservation [15]. Further

research is required to firmly correlate pathologic results

with intra-operative imaging.

Continuing development of 3.0 T ioMRI technology por-

tends increasingly comprehensive neurological imaging.

Incorporation of fMRI into pre-operative imagingmay become

a useful tool in the preservation of eloquent cortex [16].

Chemical shift also scales with increased field, which,

may make MR-spectroscopy a useful tool for the intra-

operative identification of pathologic tissue [7]. MR-

angiography may also develop significant intra-operative

utility in the setting of vascular disease. However, it has

been limited to craniotomy placement (particularly for

patients with cavernous angioma or AVM), as image

acquisition time complicates aneurysm clip re-application

in the event of unintended vascular occlusion. In addition,

susceptibility artifact related to titanium clips limits eval-

uation of the aneurismal neck [17]. Development of MR-

invisible clips, based on ceramics, may make such an

evaluation possible [18].

Significant challenges remain. Development of MR-com-

patible anesthesia equipment has advanced significantly, but

field exposure continues to inhibit reliable measurement of

ST-segment changes within the bore of the magnet. It is for

this reason that patients with significant cardiovascular

co-morbidity have been excluded from ioMRI-assisted pro-

cedures. Some have proposed that barriers, real or perceived,

to the ease of ioMRI acquisition limit its practical use. In the

current series, workflow disruption has been the largest

constraint on the number of studies performed, as surgery

is interrupted for up to 30 minutes by the image acquisition

procedure. The ability to operate under real-time imaging

would allow ioMRI to actively guide surgery, as opposed to

confirming the presumed completion of surgical goals.

Ultimately, cost is the true limiting factor in the widespread

adoption of 3.0 T ioMRI. Indeed, the cost of high-field ioMRI

is routinely cited as the motivation for low-field systems,

despite inferior image quality. Were cost not prohibitive,

Fig. 3 Changing surgery:

Surgical planning (a and

b, coronal T2) ioMRI images

obtained from a patient

presenting with seizures,

associated with a small right

temporal lobe lesion (arrows).
Following resection of the

suspected lesion, frozen section

showed neurons and glia,

consistent with normal brain.

Intra dissection imaging (c and
d, coronal T2) showed complete

resection of the lesion, obviating

the need for additional biopsy.

Subsequent histopathology was

consistent with a ganglioglioma
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there would be little question as to the superiority of 3.0 T

ioMRI. As demonstrated by the case series published to date,

3.0 T ioMRI can be safely integrated into the OR. However,

the substantial cost of this technology must first be justified.

It is beyond question that scans obtained at 3.0 T are the

highest quality and most widely applicable ioMRI images

available today. Integration of this technology will continue

to drive innovation in surgical technique and equipment. That

said, modern healthcare places increasing emphasis on de-

monstrable clinical utility prior to the widespread adoption of

new technology. Initiation of a randomized controlled trial to

assess the impact of this technology on patient outcomes and

cost-benefit ratios is desirable and now feasible, given the

existing number of higher-field ioMRI units. Importantly,

the disruption of traditional surgical workflow caused by

intra-operative imaging remains unresolved. Integration of

MR-compatible robotics within the magnet bore is, however,

an attractive solution to this limitation, and would allow

surgery to truly take place within an image.
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One Year Experience with 3.0 T Intraoperative MRI
in Pituitary Surgery

David Netuka, Václav Masopust, Tomáš Belšán, Filip Kramář, and Vladimı́r Beneš

Abstract A multifunctional surgical suite with intraopera-

tive 3.0 T MRI (ioMRI) has been operating at the Central

Military Hospital, Prague since April 2008. Our experiences

over the past year and the effect of ioMRI on the extent of

pituitary adenoma resection are evaluated.

Eighty-six pituitary adenoma resections were performed

in 85 patients with ioMRI in the first year of the ioMRI

service. Pituitary adenoma suprasellar extension was present

in 60 cases, invasion into cavernous sinus in 49 cases, and

retrosellar growth in one case. The surgical goal was set

before surgery: either a radical resection (49 cases) or a

partial resection (37 cases).

In the group of patients where a decision for a radical

resection was taken the results are as follows: ioMRI con-

firmed radical resection in 69.4% of the cases; ioMRI dis-

closed unexpected adenoma residuum and further resection

led to radical resection in 22.4%.

In the group of patients where a decision for a partial

resection was taken, the results are as follows: no further

resection was perfomed after ioMRI in 51.3% of the cases

and further resection was performed after ioMRI in 48.7% of

the cases.

ioMRI seems to be a valuable tool to increase the extent

of pituitary adenoma resection.

Keywords Intraoperative imaging � Magnetic resonance �
Pituitary adenoma

Introduction

Intraoperative MRI enables the surgeon to depict the extent

of the neurosurgical procedure intraoperatively. This tech-

nique has been developed over the past 15 years. Current

development goes in two directions. Low-field MRI scan-

ners represent one of the directions [1, 2]. Nowadays, these

systems are mobile and less expensive. Moreover, the qua-

lity of images obtained by these systems has been improved

in the past years. Still, the quality is inferior to preoperative

images. The crucial question is whether to use high quality

preoperative images and compare them with inferior quality

intraoperative images. High-field MRI scanners represent

another branch of development [3 5]. These systems are

more expensive and less mobile but produce better quality

images.

Surgical suite with intraoperative 3.0 T MRI has been

operating at the Central Military Hospital, Prague since

April 2008. Our experiences over the past year and the effect

of ioMRI on the extent of pituitary adenoma resection are

evaluated. The operative room and MRI setting are the

subject of separate presentation from our group in this

issue. Therefore, in this paper we will limit our discussion

to our experience and results from endoscopic endonasal

procedures.

Materials and Methods

The first endonasal procedure in our ioMRI operative room

was performed in April 18, 2008. All procedures were per-

formed using the bilateral endonasal approach. A MRI com-

patible head holder was applied after induction of

anaesthesia. Next, the head of the patient is registered to a

frameless navigation system that is used obligatorily. The

patient is undraped after tumour resection and transferred to

a MRI scanner after tumour resection. New MRI data are
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sent to the navigation system and combined with the pre-

operative navigation data. This enables us to use intra-

operative data without any need to re-register the head of

the patient. All MRI sequences are analysed for pituitary

adenoma remnant or any kind of surgical complication.

Then the decision is taken either to continue the surgical

resection or to check solely the operative field in order to

perform closure of the sella if needed.

Our MRI protocol consists of preoperative 3.0 T MRI

scanning followed by ioMRI on the same scanner. Six chan-

nel intraoperative coils are used for ioMRI. ioMRI is per-

formed both in T1-weighted images with and without

gadolinium and in T2-weighted images. Further, MRI is

performed on the first or the second postoperative day. All

these images are used to evaluate the extent of surgical

resection.

In the first year of ioMRI service 110 endonasal proce-

dures were performed. Non-pituitary adenoma lesions were

treated in 15 cases. This group consisted of skull base

carcinomas in three cases, surgical revision for cerebrospi-

nal fluid (CSF) leakage (n=3), surgery for spontaneous CSF

leakage (n=2), meningioma (n=2), dermoid cyst (n=2),
craniopharyngioma (n=1) and revision because of postoper-

ative haematoma (n=1). Altogether, 95 pituitary adenoma

cases were treated. No ioMRI was performed in nine cases.

The reasons why no ioMRI was performed include CSF

leakage after pituitary adenoma resection (n=4), patient

with pacemaker (n=1), patient with ferromagnetic material

in the skull (n=1), surgery abandoned for medical reasons

(n=1), surgery abandoned because of infection of the sphe-

noid sinus (n=1), or the patient had no insurance coverage

(n=1). For the remaining 86 pituitary adenoma surgeries,

ioMRI was performed.

The goal of surgery was set before the actual surgery was

undertaken: either a radical resection (49 cases) or a partial

resection (37 cases). The decision for a partial resection was

chosen if there was major cavernous sinus invasion (lateral

to internal carotid artery), previous repeated surgeries, pre-

vious gamma knife surgery, or parasellar growth. The basic

characteristics of patients selected for radical resection are

as follows: 48 patients, 49 surgeries, and 21 women, and 27

men (mean age 51.9 years). There were ten microadenomas

and 38 macroadenomas in this group. Suprasellar growth of

pituitary adenoma was observed in 27 cases and cavernous

sinus invasion in 15 cases. The mean vertical diameter of

pituitary adenoma was 18.6 mm. Basic characteristics of

patients selected for partial resection are as follows: 37

patients, 37 surgeries, and 14 women and 23 men (mean

age of 59.1 years). All pituitary adenomas were macroade-

nomas. Suprasellar growth was present in 33 patients, caver-

nous sinus invasion in 34 patients, retrosellar growth in one

patient and parasellar growth in two patients. The mean

vertical diameter was 23.6 mm.

Results

In the group of patients where a decision for a radical

resection was taken the results indicated ioMRI confirmed

radical resection in 34 cases (69.4%), ioMRI disclosed ade-

noma residuum in 13 cases (26.5%) and further resection led

to radical resection in 11 cases (22.4%).

ioMRI was evaluated as radical resection in two cases

(4.1%). However, early postoperative MRI disclosed a small

residuum of adenoma. The second surgery was performed in

one of these two cases and a residuum of adenoma was

resected. ioMRI led to increased radical resection by

22.4% (before ioMRI 69.4%, after ioMRI 91.8%). These

results are summarised in Table 1.

In the group of patients where a decision for a partial

resection was taken the results showed that no further resec-

tion was perfomed after ioMRI in 19 cases (51.3%) and

further resection was performed after ioMRI in 18 cases

(48.7%) in order to achieve a more extensive but still partial

resection (Table 2).

Mortality was 0% in this group of patients while neuro-

logical morbidity was 1.1% (one patient suffered unilateral

amaurosis; in fact, this patient had temporal field deficit on

the same eye preoperatively). CSF leakage requiring redo

surgery was present in four cases (4.7%).

ioMRI was perfomed once per surgery in 70 cases, twice

in 14 cases and three times in two cases. There was neither

technical failure in performing ioMRI nor a patient safety

issue.

Discussion

Several papers have focused on ioMRI in sellar region sur-

gery in the past few years. In 1999, Martin et al. published

their findings in five patients with pituitary adenoma [6].

Table 1 Results in the group of patients where radical resection was

intended

Number of cases 49 100%

ioMRI confirmed radical resection 34 69.4%

Wrong ioMRI evaluation 2 4.1%

ioMRI disclosed adenoma residuum 13 26.5%

Radical resection after ioMRI 11 22.4%

Table 2 Results in the group of patients where partial resection was

intended

Number of cases 37 100%

No further resection after ioMRI 19 51.3%

Further resection after ioMRI 18 48.7%

158 D. Netuka et al.



This group used 0.5 T ioMRI. In two cases unexpected

pituitary adenoma residuum was disclosed and resected

after ioMRI. Seminal papers on this topic are from Erlangen,

Germany. Nimsky et al. evaluated the effect of ioMRI in 200

cases [7]. This series consists of both pituitary adenoma and

glioma, as well as rare cases where a 1.5 T ioMRI scanner

was used. Radical resection was achieved in 56.2% of the

piruitary adenoma cases before ioMRI, whereas the propor-

tion of radical resection increased to 87.2% after ioMRI.

The same group evaluated the effect of ioMRI in 33 cases

of growth hormone secreting adenomas [8]. ioMRI led to

resection of the pituitary adenoma in five cases. Hormone

normalization was achieved in three of these cases.

All these papers, including several others [9 11], show

the value of ioMRI in pituitary surgery. Our work supports

this finding as well.

Conclusions

ioMRI is a valuable tool in pituitary adenoma surgery. The

rate of radical resection (radical resection intention group)

and more extensive resections (partial resection intention

group) are increased. We stress the importace of careful

ioMRI evaluation. In our experiences we have not observed

any technical ioMRI setting failures or issues involving

patient safety. Finally, no increase of morbidity was ob-

served in our series.
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(2004) Intraoperative high field strength MR imaging: implemen

tation and experience in 200 patients. Radiology 233(1):67 78

8. Fahlbusch R, Ganslandt O, Buchfelder M, Schott W, Nimsky C

(2001) Intraoperative magnetic resonance imaging during trans

sphenoidal surgery. J Neurosurg 95(3):381 390

9. Jones J, Ruge J (2007) Intraoperative magnetic resonance imaging

in pituitary macroadenoma surgery: an assessment of visual out

come. Neurosurg Focus 23(5):E12

10. Nimsky C, von Keller B, Ganslandt O, Fahlbusch R (2006) Intra

operative high field magnetic resonance imaging in transsphenoi

dal surgery of hormonally inactive pituitary macroadenomas.

Neurosurgery 59(1):105 114

11. Schwartz TH, Stieg PE, Anand VK (2006) Endoscopic transsphe

noidal pituitary surgery with intraoperative magnetic resonance

imaging. Neurosurgery 58(1 Suppl):ONS44 51

One Year Experience with 3.0 T Intraoperative MRI in Pituitary Surgery 159





Intraoperative CT and Radiography





Intraoperative Computed Tomography

J.C. Tonn, C. Schichor, O. Schnell, S. Zausinger, E. Uhl, D. Morhard, and M. Reiser

Abstract Intraoperative computed tomography (iCT) has

gained increasing impact among modern neurosurgical

techniques. Multislice CT with a sliding gantry in the OR

provides excellent diagnostic image quality in the visuali-

zation of vascular lesions as well as bony structures inclu-

ding skull base and spine. Due to short acquisition times

and a high spatial and temporal resolution, various moda-

lities such as iCT-angiography, iCT-cerebral perfusion and

the integration of intraoperative navigation with automatic

re-registration after scanning can be performed. This allows

a variety of applications, e.g. intraoperative angiography,

intraoperative cerebral perfusion studies, update of cerebral

and spinal navigation, stereotactic procedures as well as

resection control in tumour surgery. Its versatility promotes

its use in a multidisciplinary setting. Radiation exposure is

comparable to standard CT systems outside the OR. For

neurosurgical purposes, however, new hardware compo-

nents (e.g. a radiolucent headholder system) had to be

developed. Having a different range of applications com-

pared to intraoperative MRI, it is an attractive modality for

intraoperative imaging being comparatively easy to install

and cost efficient.

Keywords Computed tomography (CT) � CT angiography �
Intraoperative CT � Intraoperative imaging � Spine surgery

Introduction

The development of neurosurgical techniques and the

demand for treating more complex lesions with the aim of

continuous reduction of surgery related morbidity has gene-

rated an increasing demand for sophisticated intraoperative

imaging modalities. Various technologies are available,

albeit with different indications. Intraoperative ultrasound

has proven to be a rather easy to use, straight forward

solution for the intraoperative localisation of deep-seated

lesions like cavernomas, metastases or haemorrhages as

well as, to a certain extent, for resection control of tumours.

Being rather inexpensive with no additional costs of instal-

lation, the use of ultrasound is dependent on the personal

experience of the user. In addition, despite improved tech-

nology, its resolution may be limited depending on the

particular type of pathology [1, 2]. For the resection of

high grade gliomas, the use of tissue fluorescence after

administration of 5-aminolevulinic acid (5-ALA) has been

proven to be efficient to delineate tumour margins and resi-

dual tumour tissue. The rate of ‘‘radicality’’ in the micro-

surgical resection of high grade gliomas has been improved

significantly hereby. However, this technology is only useful

for malignant gliomas, especially glioblastomas; moreover,

the drug itself has so far not yet been approved by health care

authorities in all parts of the world [3].

Intraoperative imaging using magnetic resonance (MR)

scanners, either high field or low field, provide good visuali-

sation of soft tissue abnormalities like gliomas, pituitary ade-

nomas, and other tumours. However, this technology is very

expensive and implementation into a pre-existing operating

theatre demands a lot of resources. Moreover, the use of

intraoperative MRI is limited for cranial applications due to

the geometry of the scanner in relation to the table system.
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The surgical workflow has to be adapted to the work in a

magnetic field with special demands for surgical instruments

as well as anaesthesiological monitoring systems [4 6].

Recently, computed tomography (CT) technology has

made a tremendous progress. Multislice scanners (e.g.

40-slice scanning systems) provide a very high image spatial

resolution with very short imaging acquisition times [7].

Software for image processing has generated tools to pro-

vide high quality 3-D CT-angiography, which has been

shown to provide images at a quality level superior to

MR-angiography. Quantitative perfusion parameters like

cerebral blood volume, blood flow and time to peak may

be displayed as colour coded maps. By virtue of electronic

artefact suppression and use of adequate acquisition para-

meters, imaging of metallic implants in spine surgery can be

achieved and image distorsion can be eliminated to a large

extent so that implants are precisely depicted and correction

can be performed, if necessary.

For intraoperative applications, CT scanners with a wide

bore are superior to those with narrow opening enabling

better access to the patient. The longitudinal coverage has

also been enhanced so that the whole body of the patient

(from head to toe) can be scanned without repositioning.

This allows intraoperative CT scanners to be used by many

surgical disciplines (e.g. ENT surgeons, vascular surgeons,

traumatologists, orthopaedic surgeons) in addition to neuro-

surgery. Thus, such an installation can be used in a multidis-

ciplinary scenario and thereby enhancing cost effectiveness.

After the development of a setting with a scanner with a

sliding gantry on rails and integrating a neuronavigation

device for cranial and spinal applications, we analysed

the usefulness of this setting for spinal and neurovascular

surgery. Moreover, the impact on workflow was examined.

Experience has been gained according to the visibility in

spinal and vascular surgery as well as work flow analysis,

which will be presented here [8, 9].

Methods/Technology

A 40-slice-CT scanner (Somatom Sensation Open Sliding

Gantry, Siemens Healthcare, Forchheim, Germany) with a

sliding gantry and a diameter of 82 cm mounted on rails

within the floor of the OR was installed in a pre-existing

operating room. As operating table a carbon table plate,

segmented to allow virtually all neurosurgical positionings,

was used (Trumpf, Puchheim, Germany). The system was

adjusted to a ceiling mounted navigation system (Vector

Vision Sky, BrainLab, Feldkirchen, Germany). Invasive

head fixation was performed with a radiolucent head clamp

(Mayfield radiolucent skull clamp A-2002, Integra, Plains-

borough, New Jersey, USA). For application of contrast

media in case of CT angiography, a motor injection pump

(Stellant MEDRAD Inc., Indianola, Pennsylvania, USA)

was employed.

During image acquisition, the gantry moves over the

patient without necessity to adjust the position of ventilation

systems or catheters for scanning.

CT imaging was performed with a collimation of 40�
0.6 mm at 120 kV and 140 mAs with a rotation time of 1 s for

CTA and 20�1.2 mm at 120 kV and 350 mAs for cranial

CT. The automated dose modulation software was used.

Multiplanar reconstructions (MPR) were calculated with a

slice thickness of 1 3 mm in axial, sagittal and coronal

planes. Data could be imported into the frameless infrared

based neuronavigation system (Vector Vision Sky). For

re-registration, the gantry of the scanner is equipped with

fiducials equivalent to the fiducials at the head holder or the

spinal fiducial clamp in case of spinal surgery.

Techniques of Intraoperative Computed
Tomography Angiography (iCTA) and
Perfusion Computed Tomography (PCT)

For the application of contrast agent, the injector is con-

nected to a central line or at least 10 gauge lumen peri-

pheral venous catheter. Monitoring of the whole procedure

is secured by direct visual contact through a lead-glass

window and indirectly via monitor camera from a neigh-

boring room to get a visual control of all parts of the OR.

For iCTA a CT scout for planning of the scan range of the

head and upper neck is acquired first. Then CTA is acquired

in caudo-cranial scan direction from C1 to the vertex. A user

modified bolus tracking technique (repeated sequential CT

scans every 1 s roughly at the level of the carotid bifurca-

tions to monitor the contrast arrival at the cervical arteries,

scan is then started manually when contrast enhancement in

the arteries is visible) and a weight-adapted contrast agent

protocol is used for CTA. This was done to obtain high

contrast attenuation values in the cerebral arteries and low

contrast enhancement overlay in the veins and sinus.

CTA is then followed by PCT. The scan range is manually

selected to avoid beam hardening artifacts starting 1 cm

superior to the aneurysm clip and with a distance of at

least 1 cm to head clamps. Five second after injection of

50 ml contrast agent (Imeron 300) at 7 ml/s followed by a

saline flush of 50 ml at 7 ml/s the PCT starts. Therefore

sequential scans with 24 mm slice thickness are acquired

every second over a period of 40 s. A standard, vendor

given PCT analysis software is used for perfusion analysis.

Color-coded parameter-maps of cerebral blood flow (CBF),

cerebral blood volume (CBV) and time to peak (TTP) are

calculated.
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Results

Work Flow

After final positioning of the patient according to the envi-

sioned procedure, a ‘‘safety check’’ was performed. Hereby

the gantry is moved over the patient in order to detect any

possible collision during the scanning procedure. A special

anti-collision system prevents any conflict in case the move-

ment of the gantry is obstructed. All positionings including

complex ones like park bench were feasible; the only excep-

tion for intraoperative scanning is the semi sitting position.

In case of spinal instrumentation, pre-operative imaging

was performed at that time with the data fed into the naviga-

tion system in order to allow intraoperative navigation.

Hereby, the real position of the spine during surgery is the

basis for navigation. This is especially valuable if luxation of

the spine has to be reduced in the OR (e.g. in case of cervical

instability) since any navigation on the basis of image sets

obtained prior to the positioning of the patient on the OR

table may be misleading.

The intraoperative examination time for vascular lesions

including 3-D CT-angio and a perfusion-CT was 12 min

including 3 min for additional draping /undraping of the

patient for the scanning procedure, 1:30 min for image

acquisition and 3:00 min for reconstruction of the data set.

For spinal instrumentation a mean time frame of 9 min was

needed for scanning and data acquisition/image evaluation

until resumption of surgery.

Radiation Exposure

The highest radiation exposure for intraoperative CT-

scanning was obtained in CT angiography (including CT

perfusion studies). Here, the mean effective dose of CTA

and CT perfusion together was 3.69 mSv. This is comparable

to 3.6 mSv, which is the value typically required for a

4-vessel catheter angiogram and which does not include a

perfusion study [8].

Evaluation of Imaging

With CT guided spinal navigation, a computed spatial accura-

cy of 0.8�0.1 mm could be achieved. In a first series a total of

414 screws were analysed. Intraoperative CT could detect a

minor misplacement (2 4 mm) in 16 screws (3.8% of all

screws) and a major misplacement (>4 mm) in four screws

(1.0%).Allmisplaced screws could be re-positioned during the

same surgery. Hereby, the necessity for screw revision surgery

could be reduced to zero from previously 4.4% in the pre-iCT

era (Fig.1). Especially in cervical spine screw placements and

in the cranial cervical junction, no major misplacements of

screws occurred. There was no increase of infection rate or

other procedure related morbidity compared to our pre-iCT

series. Duration of surgery in the cranial cervical junction

was 127�21 min, thoracic spine stabilisation (eight screws)

170�38 min and for lumbar stabilisation (four screws)

100� 24 min, all including the time for imaging [10].

Vascular Neurosurgery

In a pilot series of neurovascular surgery, intraoperative

CT angiography and intraoperative CT perfusion were per-

formed. The image quality of CT angiograms was rated

excellent by a radiologist (D.M.) in all 13 cases (Fig. 2).

CT perfusion imaging was rated excellent or good in 10/11

cases, in one case artefacts resulted in major degradation

of the image quality. CT angiography and CT perfusion

Fig. 1 Reconstructed intraoperative control CT after cervicothoracic

navigated ventrodorsal stabilization C5 Th8 due to metastatic infiltra

tion Th1 4 from mamma ca, kyphotic instability and compression of

the spinal cord

Intraoperative Computed Tomography 165



changed the surgical strategy in two cases, in which clip

repositioning, either due to residual portions of the aneurysm

or because of an inadvertent occlusion of a vessel, was

corrected. The image quality of iCTA and the intraoperative

perfusion map were rated by the surgeon to be adequate for

intraoperative decision making [8].

Discussion

The results of our studies indicate that intraoperative CT

(iCT) is a promising method enhancing precision of neuro-

surgery and ameliorating the outcome of patients. State of

the art CT technology incorporating multislice (multi detec-

tor row) systems (MSCT) allow for very short acquisition

times and excellent image quality as well as intuitive multi-

planar and 3D representations. Moreover, MSCT enables to

perform advanced applications, such as 3-D angiography,

cerebral perfusion imaging and the visualization of implants

in spinal surgery. In contrast to MR-based intraoperative

imaging, there is no need for dedicated surgical instruments.

The system can easily be handled with no negative impact on

the surgical workflow. Radiation exposure in modern

MSCT-systems is acceptable as compared to conventional

fluoroscopy. The learning curve for the staff including

anaesthesiologists and scrub nurses as well as surgeons

was very steep. Even if newly developed radiolucent head

clamps with pins made of artificial sapphire were used,

artefacts due to the pins may be met. Recently polymeric

composite pins proved to be best suited in terms of artefact

reduction with grip force comparable to standard titanium

pins [11].

In comparison to intraoperative MRI, iCT is definitely

superior in intraoperative spinal imaging. Moreover, iCT

provides better depiction of bony structures and enables to

acquire high quality CT angiography and cerebral perfusion

studies. Furthermore, CT is especially useful for the control

of catheter placement, e.g. in shunt surgery. MR angio-

graphy is severely limited in the depiction of vascular struc-

tures adjacent to aneurysm clips, which is clearly a major

drawback of MR angiography. As a recent development

for vascular imaging, intraoperative fluorescence angio-

graphy (ICG) has been shown to be extremely helpful [12].

Whether iCTA and CT perfusion might be complementary is

subject of a presently ongoing study. Compared to intra-

operative MRI, iCT has a reduced sensitivity in the detection

and delineation of low grade gliomas and small pituitary

adenomas.

Intraoperative CT imaging is a versatile, cost efficient and

easy to handle easy to install technology, with the potential

of a multidisciplinary use especially in spine, skull base and

vascular surgery.
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Intraoperative CT in Spine Surgery

Wolf-Ingo Steudel, Abdullah Nabhan, and Kaveh Shariat

Abstract Background: In spinal instrumentation the mis-

placement of screws, cages and rods may cause neurovas-

cular complications. Therefore a large variety of methods

have been used in recent years to reduce such complications

especially by navigation techniques and intraoperative three-

dimensional fluoroscopy. The aim of this study is to answer

the question: will intraoperative CT improve the efficiency

of the treatment as well as the safety for the patient at the

spinal instrumentation? Specific questions were: are the

implants placed correctly and has decompression been per-

formed sufficiently?

Methods: This is a prospective study in 100 patients

mostly with degenerative diseases, tumours and trauma. 80

patients were treated by spinal instrumentation.

A helical CT (Somatom Emotion 2003) was used, which

is firmly bound to the OR table by a track system.

Results: 569 implants were used: 159 vertebra body

screws and plates, 88 cages, 154 pedicle screws, 73 facet

joint screws and 95 rods.

There was malpositioning in seven patients (8.75%). 18

of 154 pedicle screws were misplaced, 2 of 88 cages, and 4

of 73 facet joint screws, for a total of 24 (7.6%).

Conclusions: Intraoperative CT is a useful tool to check

the correct position of the implants used, the extent of

decompression and the realignment as early as possible. It

therefore reduces second operations. A postoperative CT is

no longer necessary.

Keywords Intraoperative CT � Intraoperative imaging �
Spinal instrumentation

Introduction

Thousands of spine operations are performed every year in

Germany with instrumentation. Nowadays, the general stan-

dard is to perform intraoperative fluoroscopy as well as a

post-operative X-ray control to demonstrate the correct

placement of the implants.

Spine surgery, including decompression and stabiliza-

tion, can be challenging due to the small geometry of impor-

tant bony structures such as facets and pedicles, anatomical

variations (i.e. the course of the vertebral artery within the

axis), and the close anatomical relationship of the bone to

the spinal cord, roots and vessels [1].

The use of spinal implants may cause neurovascular

damage. This despite various intraoperative imaging tech-

nique largely depends on the disease as well as on the

localization. It seems to be more difficult in the upper cervi-

cal, the thoracic spine, the thoracolumbal and lumbosacral

region and in patients with idiopathic or degenerative scoli-

osis [2, 3]. There are various intraoperative methods of

spinal image guidance such as preoperative CT-based navi-

gation systems, standard fluoroscopy-based, 3D fluoroscopy

and ultrasound methods [4 6]. According to the literature,

3D-fluoroscopy-assisted screw insertion increases the safety

of a variety of routine and complex spinal procedures [5, 7].

The authors present a new device for intraoperative imaging

in spinal instrumentation, the CT-suite an operation theatre

with a mobile CT. It allows real-time three-dimensional

imaging of the whole spine and direct control and visualiza-

tion of the correct position of the implants, the extent of

decompression, especially in patients with degenerative dis-

eases and tumours, and the realignment. In this study we

refer exclusively to the correct positioning.
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Patients and Methods

CT-Suite

The CT-suite consists of a mobile CT system (SOMATOM

Emotion 2003, Siemens, Erlangen). The system comprises a

mobile gantry with a diameter of 70 cm and a scanning

length of 153 cm, a mobile carbon OR table (Alphamaquet

1150, Maquet, Rastatt) and a workstation beside the OR with

a visual and video connection. There is firm binding of the

helical CT to the OR table by a track system in the floor.

Slices can be done from 1 to 10 mm. There are different

processing options like multiplanar reconstructions and

angio sequences with visualization of patient’s vessels. An

examination of the spine is possible with adequate position-

ing from the atlanto-occipital junction to the sacrum. The

operating table, which includes a special holding device for

the head, is a special manufacture made out of carbon fibres

(Fig. 1).

Patients

This is a prospective study on 100 patients of different ages

and sexes undergoing spine surgery for a variety of indica-

tions and therefore using different types of spine fixation

devices. The patient was placed in a supine or prone posi-

tion, depending on the type of surgical procedure. A CT

examination was performed after placement of the implants.

The patient is always covered by a sterile plastic drape

usually used to drape the microscope. The accuracy of

the position of the implants was checked according to the

classification of Liljenqvist et al. 1997 [8]. Repositioning

was immediately done followed by another CT in medial

penetration of the pedicles and in complete lateral pedicle

screw penetration or in malplacement of a cage.

Results

This is a prospective study of 100 consecutive patients with

different pathologies (Table 1). Among them are 20 patients

without spinal instrumentation. Only a CT-guided biopsy

was done in six patients with spinal tumour and only a

decompressive procedure in another four. Only a facet joint

infiltration was performed in ten patients with a degenerative

radiculopathy.

The Somatotom was easy and safe to handle. Care had to

be taken to avoid exposure of the OR team to radiation due to

scanning. The team went from the OR into the workstation

room during the CT-examination. The intraoperative scan-

ning time amounted to 15 30 min. There was never a prob-

lem with sterility. The evaluation of the slices and correct

positioning of the implants takes about 5 min. Visualization

of the positioning of the implants was good on the images

obtained from all patients.

569 different implants were used in 80 patients: 88 cages,

159 vertebra body screws and plates, 154 pedicle screws, 73

faced joint screws and 95 rods (Table 2). The vertebra body

screws include four patients with dens screws; the facet joint

screws include 8 Magerl screws.

There was an incorrect positioning of the implants in 7 of

the 80 patients: The malpositioning occurred in 18 pedicle

screws, 4 faced joint screws, twice in vertebra body replace-

ment cages (Table 3).It was observed in two patients with a

thoracic tumour, two patients with lumbar degenerative

listhesis, two patients with severe spondylodiscitis at the

cervical and lumbar region and another patient with a com-

bination of degenerative and idiopathic listhesis.

Fig. 1 Technical equipment:

The operating room used for

surgical procedures in which CT

is planned to be used is equipped

with a Siemens Somatom

Emotion 2003 Helical CT
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Discussion

Complication Rate

Various types of spinal operations have relatively different

rates of complications, which may include damage to the

spinal cord as well as the roots of the nerves, injury to vessels

and nearby organs, and hardware failure. Complications

occur mostly through malpositioning of the implants. The

frequency of complications is given very differently in the

literature. The complications depend on the difficulty of the

spine operation: firstly on the kind of illness and its

seriousness and secondly also on their localisation. There

are differences in the region of the occipito-cervical, the

thoraco-cervical, the cervical and the lumbo-sacral junction

[9]. Furthermore, it has to be considered that the quality of

the bone plays an important role as well in spinal instrumen-

tation. A 14 55% misplacement rate for pedicle screws

using standard techniques has been reported [10, 11].

Intraoperative Imaging in Spinal
Instrumentation

It goes without saying that a wide range of treatments to

complement conventional fluoroscopy has been developed

over the years to improve and lower the complication rate.

Table 3 Evaluations of the positioning of the implants by intra

operative CT

Patients N 80 N 7 (8.75%)

Type Correct positionings Incorrect

Pedicel screws 154 18

Facet joint screws 73 4

Cages 88 2

Total 315 24 (7.6%)

Table 1 Diagnoses: Characteristics of 100 patients and their surgical procedures

Number of patients,

N 100

Age (range) Sex Spinal instrumentations,

N 80

Other procedures

M F

Cervical myelopathy 16 41 86 10 6 16

Trauma 15 44 86 9 6 15

Radiculopathy 20 30 82 10 11 10 10a

Spinal tumor 16 37 80 12 4 6 6b

4c

Degenerative lumbar listhesis 16 45 75 8 8 16

Congenital lumbar listhesis 7 32 57 3 4 7

Spondylodiscitis 4 42 86 3 1 4

Malformations 4 19 65 2 2 4

Chronic polyarthritis 2 43, 77 2 2
aFacet joint infiltration
bBiopsy
cDecompression

Table 2 Implants characteristics in 80 patients

Diagnoses

N Cages Vertebra body

screws, plates

Pedicle screws Cervical faced joint

and transpedicular

screws

Rods Total

Cervical myelopathy 16 29 80 22 16 147

Trauma 3�Kyphoplasty 15 13 12a 18 20b 12 65

Spinal tumor 6 6 12 14 19 9 60

Degenerative lumbar listhesis 16 19 74 32 125

Congenital lumbar listhesis 7 7 14 14 35

Radiculopathy 10 10 46 56

Spondylodiscitis 4 2 2 30 8b 8 50

Malformations 4 1 2 4 12b 4 23

Chronic Polyarthritis 2 1 5 2b 7

Total 80 88 159 154 73 95 569
aIncluding dens screwing four times
bIncluding 1 case with Magerl screwing C1/C2
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Fig. 2 Intraoperative CT Scan

(left), orientation misplaced upper

right screw. Immediate revision,

control CT (right)

Fig. 3 Intra 3D CT (left) three dimensional CT (left) of a patient harbouring a sacral neurinoma. Tumour removal was done including lumbar

pelvic fixation (right). Note the different inclination and orientation of the screws within the spine and the pelvis

Fig. 4 Intraoperative CT Scan of a patient having received an occipital cervical fixation down to C3. Note the different orientation of the screws

within the occiput. The reconstruction of the position of the implants is on the right
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These, such as spinal navigation or 3D fluoroscopy, aim to

directly control the implanted material. 3D spinal image

guidance significantly reduces the complications and break-

age rate and improves safe and accurate placement of spinal

instrumentation [11 22]. Using computer-navigated pedicle

screw insertion in the lumbar spine, a postoperative CT

control no longer seems to be necessary (Bostelmann et al.

2005). Other treatments are ultrasound-methods and neuro-

monitoring techniques as well as the direct intra-operative

control of the anatomic structures of the implants [23].

However, technical problems still exist. It goes without

saying that additional treatments are being tested in order

to continue to increase the efficiency of the operative treat-

ment. For this, the intraoperative computer tomography is

particularly suitable.

Radiation Exposure

Radiation exposure of the surgeon, operating room staff and

the patient is a concern when placing instrumentation with

the aid of fluoroscopy [24]. This should also be considered

in intraoperative CT imaging. But most patients are serially

CT scanned after surgery, so in most cases there will be no

additional radiation exposure.

Intraoperative CT

Intraoperative CT has the advantage of precisely verifying

the position of the implants and the quality of the surgical

procedure. In addition, the extent of decompression of the

bony structure is nicely visualized. Unlike 3D-fluoroscopy,

soft tissue and vessels can be demonstrated during the same

examination (Figs. 2 4).

Intraoperative CT has the disadvantage of not being an

online control device like spinal navigation. However, in

contrast to spinal navigation, which has to be considered to

be virtual, intraoperative CT in spinal surgery does verify

that the surgical goals have been accomplished. In addition,

it is especially useful when implants have to be placed in

very different orientations, as for example within the cranio-

cervical, cervicothoracic or spino-pelvic junction.

In addition to the value of this technique for intraopera-

tive imaging, economical advantages should also be men-

tioned. Surgical revision procedures because of incomplete

bony decompression or malpositioning of cages, screws and

plates can be avoided. Postoperative CT examinations are no

longer necessary to control implant positioning.
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O-Arm Guided Balloon Kyphoplasty: Preliminary Experience
of 16 Consecutive Patients

Frédéric Schils

Abstract Balloon kyphoplasty is now widely used for the

treatment of vertebral compression fractures. Excellent pain

relief is achieved with cement injection, but the safety of the

procedure relys on excellent radiological exposure. The bal-

loon kyphoplasty technique is usually performed using one

or two C-Arm devices to allow correct antero-posterior (AP)

and lateral view throughout the surgical procedure. By defi-

nition, this minimal invasive spine surgery is associated with

radiation exposure for both the patient and the surgeon. In

our center, we recently moved from this way of proceeding

to the use of an O-Arm image guidance system to perform

cement augmentation in vertebral fractures.

To our knowledge, there is no clinical series describing

the O-arm use in a balloon kyphoplasty procedure published

in the scientific literature. We prospectively evaluate on 16

consecutive patients, the feasibility of the O-Arm guided

kyphoplasty procedure with the original, usual tools, and

we measured the fluoroscopy time and the X-ray exposure.

We didn’t experience any device related problem and

demonstrated a significant reduction of X-ray exposure and

time of fluoroscopy. We believe that using this new intra-

operative system, the overall time of surgery and fluorosco-

py could still be reduced in a near future.

Keywords Balloon kyphoplasty � Minimal invasive spine

surgery � O-arm intraoperative system � Radiation exposure

during surgery � Vertebral compression fractures

Introduction

Vertebral compression fractures represent a major concern

amongst elderly patients, frequently leading to pain, dis-

ability and quality of life deterioration.

As the population continues to age, the challenge for the

treatment of osteoporosis and its complications will become

increasingly prevalent [1 3].

Conservative, non-surgical management of vertebral

compression fractures is actually challenged by surgical

minimally invasive procedures based upon cement augmen-

tation (vertebroplasty and kyphoplasty). These procedures

may offer fast and sustained pain reduction, improved func-

tion while avoiding the kyphosis progression [4, 5]. Most of

the studies in this field were conducted to demonstrate

clinical benefit, vertebral deformity correction or risk of

cement leakage. To achieve these positive results, the pro-

cedure is performed under C-arm radiological exposure in

most surgical teams. The C-arm is then manipulated from

AP to lateral view several times to provide secure pedicular

access and continuous fluoroscopy is required during

cement injection. Although an impressive number of papers

about kyphoplasty is found in the literature, there is few data

about time of fluoroscopy during the surgery or dose of

X-ray exposure for the patient and his surgeon [6, 7]. Due

to the growing popularity of minimally invasive spinal

surgery, efforts to reduce X-ray exposure during the surgical

time to the patient and the surgeon may become a critical

goal in the future. We believe that new intraoperative

tools such as the O-arm system will help us to reach this

objective.

Materials and Methods

We started in February 2009 a prospective inclusion of new

vertebral compression osteoporotic fractures admitted in our

hospital for 3 months.
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Patients were eligible for enrolment if they experienced

one to three acute painful vertebral compression fractures

from T5 to L5. Tumors, metastasis and myelomas vertebral

fractures were excluded from the study principally due to

kyphoplasty reimbursement difficulties in theses indications

in Belgium. An hyperintense signal on MRI T2 and/or STIR

sequences was required for the definition of recent compres-

sion fractures.

Osteopenia evaluation through a bone mineral density

dexa scan was systematically used in all of our included

patients. Candidates for the study also had to have a mini-

mal back pain score of 5 on a 0 10 visual analog scale

(VAS).

Exclusions criteria were chronic fractures, rupture of any

kind of the posterior wall of the vertebra, infection condi-

tions and any neurological deficit.

Procedure

Kyphoplasty was performed in all patients with classical

instruments: introducers, inflatable bone tamps and poly-

methylmethacrylate bone cement and delivery devices

(manufactured by Medtronic Spine LLC, Sunnyvale, CA,

USA), by a bilateral pedicular or extrapedicular approach.

All the procedures were conducted under general endo-

tracheal anaesthesia.

Time of fluoroscopy by procedure and by level were

precisely recorded as well as the radiation dose exposure.

Overall operation time was also collected for each patient.

Population and O-Arm System

16 consecutive patients with 21 compression osteoporotic

fractures were involved in this prospective study and under-

went balloon kyphoplasty guided by the O-arm intraopera-

tive system.

O-Arm system is an intraoperative system based on a

conventional RX tube and a Flat Panel detector (40�30

Varian). The system is used both in 2D mode, as a conven-

tional fluoroscopic system, and in 3D mode. The 3D mode is

particularly useful to evaluate cement distribution in the

vertebral body immediately after the procedure and to detect

any cement leakage, in the vascular system, the spinal canal

or the intervertebral disc (Fig. 1).

Fig. 1 Illustration of a 3D O Arm acquisition at the end of the surgical procedure showing, in the three usual planes, the cement distribution in the

fractured vertebral body
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Results

16 consecutive patients with 21 vertebral compression frac-

tures were evaluated during the three months of the study.

Mean patient age was 70 (range 62 88) and male/female

ratio was 19%/81%. All the 21 fractured levels were treated

(12 patients with one level, three patients with two levels

and one patient with three levels). 53% of the levels were

lumbar and 47% were thoracic. The mean surgical time (skin

to skin) for the procedure was 41 min (range 32 54) with

a mean fluoroscopy procedure time of 3.23 min (range

2.68 5.04). The mean fluoroscopy time by level dropped to

2.43 min. Mean irradiation dose by procedure was 247 mGy

and mean irradiation dose by level was 192.5 mGy. All

patients were addressed for a 3D scan performed at the end

of the procedure. No cement leakage was found outside

the vertebral body, avoiding any other postoperative radio-

logical control.

Discussion

Several recent studies demonstrated the efficacity of kypho-

plasty to provide pain relief, improvement of quality of

life, limitation in days of restricted activity and reduction

of analgesic use [8 11]. Recent publications also demon-

strated the superiority of the kyphoplasty procedure over the

non surgical, conservative treatment [5, 12]. Due to these

observations, and the growing prevalence of osteoporotic

vertebral compression fractures, the number of balloon

kyphoplasty procedures increased within the past years

[13]. Data concerning physician and patient X-ray exposure

during these minimally invasive procedures as well as pre-

cise measurement of fluoroscopy time are still lacking.

To perform a kyphoplasty, the surgeon has to achieve

perfect visualisation of the pedicles in several planes and has

to be aware of possible cement leakage during the filling

of the vertebral body. On an another hand, he has to try to

reduce as much as possible the X-ray exposure for the

patient, the OR staff and of course himself. These two

goals may seem to be opposite. Several efforts to reduce

the radiation time and dose are made through computer

navigation kyphoplasty [14], and preventive protection mea-

sures such as protective coats, gloves and glasses. In com-

puter navigation kyphoplasty, an additional incision has to be

performed in order to attach the reference clamp, and the

cement filling of the vertebral body is still performed under

conventional fluoroscopy.

Moreover, navigation represents also an additional recur-

rent financial cost to the patient, or the hospital, due to

numerous disposable single use tools. The O-Arm intra-

operative system allows high spatial resolution and may

offer several memorized positions (i.e. AP or lateral) reduc-

ing the manipulation required with a C-arm use and by the

way the amount of unprofitable images and XR doses.

The surgeon may always rely on the same AP and lateral

predefined views during the overall procedure which allows

for higher security level and perfect visualisation of the

vertebral body in any plane at any time. In addition, the

immediate 3D acquisition at the end of the procedure is

able to detect early, any complication and dispense the

need of a radiological postoperative control.

These O-arm kyphoplasty procedures were conducted

exactly the same way as C-arm procedures, without any

modification of the instruments and without any additional

recurrent cost. We observed a mean fluoroscopy time of

3.23 min for a total procedure duration of 41 min. The

time of fluoroscopy by level was 2.43 min. These numbers

seems to be lower than those classically reported for opera-

tive or fluoroscopy time. For example, Izadpanah et al.

recently reported an operative time superior to 60 min with

computer navigation balloon kyphoplasty [14]. Boszczyk

et al. observed a mean fluoroscopy time of 3.8 min for single

level cases [7]. We are convinced that, due to a natural

learning curve, our values should be lowered in a very near

future. New intraoperative devices such as the O-arm may

provide the surgeon easy and excellent radiological exposure

of bone structures and may help to drastically reduce the

X-ray exposure, the time of fluoroscopy and the duration of

the overall procedure with a highest degree of security.
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Intra-operative Imaging with 3D Ultrasound in Neurosurgery

Geirmund Unsgård, Ole Solheim, Frank Lindseth, and Tormod Selbekk

Abstract In recent years the quality of ultrasound (US)

imaging has improved considerably. The integration of

three dimensional (3D) US with neuronavigation technology

has created an efficient and inexpensive tool for intra-

operative imaging in neurosurgery. Our experience is

based on more than 900 operations with the intra-operative

3D ultrasound equipment SonoWand1 and some operations

with the research equipment Custux X. The technology has

been applied to improve surgery of intraparencymal brain

tumours, but has also been found to be useful in a vide range

of other procedures, such as operations for cavernomas,

skull base tumours, medulla lesions, arteriovenous malfor-

mations (AVMs) and for endoscopy guidance. Compared to

intraoperative magnetic resonance imaging (ioMRI), 3D US

technology is advantageous in different ways: It is flexible

and can be used in any operation theatre. There is no need for

special instruments, and no need for radiologists or techni-

cians. It adds very little extra time to the operation, and the

investment-costs are considerably lower than for ioMRI.

Keywords Arteriovenous malformation � Cavernous

malformation � Intraoperative imaging � Intraoperative

ultrasound � Resection control � Tumor

Introduction

Neuronavigation systems have become standard tools for

planning of neurosurgery, but conventional systems have

limited value during the operation of brain tissue lesions due

to the brain shift. There is an obvious need for intra-operative

imaging. One way to solve this is by intra-operative MRI.

Another solution is 3D ultrasound. The main advantages with

3D ultrasound compared to ioMRI are considerably lower cost

and higher flexibility. The disadvantage is that the surgeon

must learn how to use the technology to obtain optimal benefit.

System Description

SonoWand1 is an integration of a high-end ultrasound scanner

and a navigation system [1]. It can be used as an ordinary real-

time 2D ultrasound scanner or solely as a standard neuronavi-

gation system based on pre-operative MRI. It also can

import MRI volumes with functional MRI and tractography.

However, it is the intra-operative 3D ultrasound capabilities

coupled with navigation technology that makes the system

unique. Both 3D tissue and 3D angiography (power Doppler)

volumes can be acquired by tilting an ultrasound probe over the

area of interest. SonoWand1 enables simultaneous navigation

in both MR and US volumes. The volumes can be displayed

either as axial/coronal/sagital slices or as oblique any plane

slices, steered by the pointer or different surgical equipment

(biopsy forceps, CUSA or endoscope) with a tracking frame

attached. Repeated 3D US uptakes during the operation, makes

it possible to navigate in an updated map that is very close to

the real time.

Brain Shift

In lesions with sharp definition of the lesion border we

always found that the 3D ultrasound was correct (<2 mm

off) while navigation based on pre-operative MRI was

2 10 mm off from the true position. We also found conside-

rable inaccuracies in cases where there should be no brain

shift, for example in skull base tumours, reflecting the prob-

lem with accurate registration in spite of using fiducials.
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Image Quality

The brain is very homogenous, thus enabling ultrasound

imaging with very few artefacts. Modern high-end scanners

with probes that are tuned optimally for brain scanning will

therefore depict all types of lesions with very good image

quality (Fig. 1). We mostly use a 5 MHz (4 8 MHz) probe,

which gives optimal image quality at a distance of 2.5 6 cm

from the probe. For superficial imaging a 12 MHz linear

probe is optimal. It produces superb image quality from the

first mm down to a depth of 4 cm (Fig. 3).

To be able to obtain good images throughout the opera-

tion, the patient must be positioned so that the planned

access to the lesion becomes vertical. In that way saline

will stay in the cavity during image acquisition. Our expe-

rience is that when this is considered during the planning, it

is almost always possible to obtain a setup where good

quality images can be acquired throughout the operation.

The only situation where it is not possible to use ultrasound,

is when operating in sitting position.

Delineation of Tumours

Before using the 3D US images to guide operations, we felt

it was important to do a study to investigate the concurrence

between image delineation of the tumours and histopatho-

logy. We found that there was a good concurrence between

the image interpretation at the biopsy site and the histo-

pathology for biopsies sampled close to the image borders

of the tumours [2].

Image Guided Resection

By putting the optical tracking frame on the resection instru-

ment (CUSA) it is possible to continuously follow the posi-

tion of the CUSA during resection [3]. By looking partly in

the microscope and partly on the navigation monitor the

surgeon can follow the position of the CUSA tip relative to

tumour borders and blood vessels. By making several 3D US

Fig. 1 Simultaneous display of preoperative MR data and intraoperative US data in the SonoWand system, during surgery of a low grade

astrocytoma (a), cavernoma (b), glioblastoma (c) and meningioma (d)
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uptakes throughout the operation the surgeon get a conti-

nuous update of his operating site compared to important

anatomical structures. This gives the surgeon information in

a much more dynamic and precise way than the microscope

interface in conventional neuronavigation systems.

Resection Control

We have shown that residual tumour tissue missed during

microsurgery can be detected and removed with 3D US [4].

When all suspected tumour volume in the 3D US images has

been removed, there is usually no tumour left in the post-

operative MRI. It is also our experience that when we stop

the resection before the removal of all the high echo volumes

on 3D US due to eloquent area, we find tumour suspected

areas on postoperative MRI. At the end of the operation

there is sometimes artefacts in the wall of the resection

cavity (rim-effect). In those cases the images cannot be

trusted for the last 1 or 2 mm of resection.

Impact on Surgery

The use of intra-operative 3D US has influenced our opera-

tions in different ways:

(a) It is easier to obtain a more radical resection of tumour

tissue.

(b) It is much easier to do resections through very small

openings in the normal tissue. Thus we are less invasive

in the normal tissue with lower patient morbidity.

(c) We can work safer, faster and with more confidence

because the position of the resection instrument relative

to an updated map of blood vessels, tumour borders and

normal tissue is continuously monitored.

Applications Where 2D US Has Improved
the Surgical Technique in Transsphenoidal
Approaches

A small side-looking high frequency linear array ultrasound

probe can be used to ensure orientation in the midline for the

transsphenoidal approach, to identify important neurovascu-

lar structures to be avoided during surgery and for identifi-

cation of normal pituitary tissue and residual tumour

(Fig. 2), The image resolution is far better than what can

be achieved by current clinical MRI technology.

Applications Where 3D US Has Improved
the Surgical Technique

Low Grade Gliomas

(a) Very small low grade tumours. These low grade

tumours would be very difficult to operate without the

3D US technology (Fig. 3).

(b) Large tumours in eloquent areas. Preoperative fMRI

and tractogrphy imported into the system is useful for

the planning of the operation. Intra-operative 3D US

combined with the preoperative fMRI and tractogrphy

makes it possible to decide the limits of the resection in

the 3D US volumes.We found that in cases where the low

grade gliomas have ‘‘occupied’’ the expected site of the

pyramidal tract without causing neurological deficit, the

tract was always pushed away by the tumour. Resection

of the tumour visible on 3D US did not create any perma-

nent neurological deficit. Our conclusion is that low grade

gliomas in eloquent area depicted by 3D US can be

removed without risking permanent neurological deficit.

High Grade Gliomas

3D US is useful to identify and resect all the extensions from

the high grade gliomas (Fig. 4). Even resection of high grade

gliomas in eloquent areas can be done with very low morbidity

and significant improvement of function [5].

Cavernomas

With conventional navigation it is possible to miss small

cavernomas due to brain shift and registration error. With 3D

US all cavernomas are precisely imaged and localized. Even

very small brain stem cavernomas without lesion on the

surface are easy to find with 3D US.

Skull Base Tumours

Resection with guided CUSA is useful to minimize the

trauma to the normal tissue, especially in meningiomas.

After an image guided subcapsular removal, the dissection

of the capsule is easier and less traumatic [6]

This navigated subcapsular removal can proceed faster

and with more confidence because the surgeon will have 3D

update of both the tumour borders and the blood vessels [7],

and the surgeon knows exactly the progression of the operation.
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Biopsy

It is possible to make 3D US imaging through a15 mm burr

holes. Biopsies are sampled either free hand with calibrated

biopsy forceps or with a guide.

Ventricle Catheter

3D US imaging of the side ventricle through 15 mm burr

hole. Ventricle catheter with the stiff core is fixed to

a tracking device, calibrated and then the catheter act as a

pointer. The core is removed when the catheter is in the

ventricle.

Endoscopy

3D US is useful to guide the endoscope in complex multi-

cystic anatomy [8].

Medulla Lesions

3D US has been successfully used for identification and

biopsy of lesions in medulla [9], and for syrinxoperations.

AVM

We have used 3D US angiography and stereoscopic display

of 3D MR angiography for early identification and clipping

of feeders in AVMs [10]. In 25 patients 57 of 70 feeders

described in MR angiography could be identified and

clipped in the beginning of the operation. This reduced

the pressure in the AVM and made it much easier to dissect

the AVM from the normal tissue.

Pros and Cons of 3D US

Navigated 3D US (SonoWand1) is not just another naviga-

tion system. It is an intraoperative imaging system and a real

Fig. 2 The use of ultrasound in pituitary surgery, with the probe and dimensions of the image overlaid on a MR image (a) and the intraoperative
US image showing residual tumour (indicated with *) (b), and the US probe with the side firing transducer array (c). In the middle of figure b is the

optic chiasm, and above is the communication artery
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competitor to intraoperative MRI. Even though there has

been no randomized study to look at efficiency of 3D US

and ioMRI in obtaining radical tumour removal, we have

indications to believe that 3D US gives similar intraopertive

information as ioMRI. What are the pros and cons when

comparing 3D US to ioMRI?

• 3D US is flexible; it can be used in any operation theater

• It is useful for nearly every type of neurosurgical operation

• There is no need for special surgical instruments when

using 3D US

• Neither is there any need for extra people (i.e. technicians

and radiologists)

• The active use of 3D US claims very little extra time

during surgery.

• Investment costs of a SonoWand1 system is very low

compared to any ioMRI.

• When using 3D US, neurosurgeons have to be more

aware of the positioning of the patient.

• Neurosurgeons have to learn to make and interpret US

images

• The entire brain cannot be displayed in one 3DUS volume,

only the region of interest around the surgical approach.

There is a tendency among neurosurgeons to think thatUS is

a too simple technology. They are not aware of the huge

Fig. 3 Preoperative MRI and

intraoperative US of a low grade

glioma, before (a), during (b), and
at the end of (c) resection of the

tumour. In figure b residual

tumour is seen to the left of the

cavity
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improvementmade to US in recent years. Some neurosurgeons

are a little afraid of the challenge of learning a new technology.

It feels safer to leave the intraoperative imaging to the radiol-

ogists. These feelings should not dominate our thinking. Due to

the rapidly increasing health care coast we all have an obliga-

tion to always go for the most cost-effective equipment.

Conclusion

Intra-operative 3D US is a flexible and inexpensive tool for

minimizing the operation injury and increasing the efficien-

cy and confidence of the surgeon during brain and medulla

operations. To have optimal benefit from this tool, the

surgeon has to learn some principles for the using of this

technology in brain operations.
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Intraoperative 3-Dimensional Ultrasound for Resection
Control During Brain Tumour Removal: Preliminary Results
of a Prospective Randomized Study

Veit Rohde and Volker A. Coenen

Abstract Introduction: The amount of resection is closely

related to survival in brain tumours. To enhance resection,

especially intraoperative magnetic resonance imaging

(MRI) has been applied. The aim of this prospective, rando-

mized study was to test if intraoperative 3-D ultrasound

likewise can be used for resection control.

Methods: 16 patients, who underwent surgery for intraax-

ial tumours in non-eloquent brain areas, were initially in-

cluded into this prospective study. In two patients, the small

size of the craniotomy hindered intraoperative ultrasound

imaging. In 14 patients, 3-D ultrasound images were

obtained before and after opening of the dura, during tumour

removal, prior to evaluation by a blinded investigator for

identification of tumour remnants, and after dura closure.

Seven patients were randomized to complete tumour remov-

al according to the impression of the surgeon (group 1).

Seven patients were randomized to incomplete tumour

removal (tumour remnant <1 cm) (group 2); in these

patients, the neurosurgeon intentionally left a tumour

remnant prior to evaluation by the blinded investigator.

The tumour remnant was then removed. It was tested if

3-D ultrasound can correctly identify complete and incom-

plete tumour resection. All patients underwent early post-

operative MRI.

Results: In two patients (one each of the two groups) the

image quality was too poor for a meaningful intraoperative

evaluation. In the six patients randomized for incomplete

tumour removal, 3-D ultrasound correctly identified tumour

remnants in four patients (67%). In six patients randomized

for complete tumour removal, 3-D ultrasound confirmed

complete tumour resection in three patients. In addition,

3-D ultrasound identified correctly one tumour remnant

in a patient randomized for complete tumour removal.

Thus, the sensitivity for tumour remnant detection increased

to 71% (five of seven patients) and that of confirmation

of complete tumour removal was 60 % (three of five

patients).

Conclusion: The number of investigated patients is still to

low to allow definite conclusions. However, the study results

suggest, that 3-D ultrasound is especially helpful for detec-

tion of overseen brain tumour tissue.

Keywords Glioma � Intraoperative imaging � Intraoperative
ultrasound � Resection control

Introduction

Several studies have indicated that time to recurrence in

benign tumours and survival in malignant tumours is closely

related to the extent of resection [1]. With the aim to enhance

the amount of resection, intraoperative magnetic resonance

imaging (MRI) and intraoperative computerized tomogra-

phy (CT) has been introduced into the neurosurgical routine

[2 4]. Intraoperative MRI has the major disadvantages of

being expensive and requiring special non-ferromagnetic

equipment, if the operation is done in the environment of

the scanner, or special transport solutions which usually

result in a reduced number of intraoperative re-investiga-

tions. The image quality of CT is inferior to that of MRI,

which even more holds true in the intraoperative situation,

and prevented the wide-spread use of intraoperative CT for

resection control.

The aim of this preliminary study was elucidate the

potential role of intraoperative 3-dimensional ultrasound

for intraoperative resection control.
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Patients and Methods

A total number of 16 patients (nine men, seven women, mean

age 44 years) were included in this prospective randomized

trial. The patients underwent microsurgery for cerebral metas-

tases (n¼8), malignant glioma (n¼6), and benign astrocytoma

WHO II (n¼2); tumours which would not have been complete-

ly resectable were excluded. Informed consent was obtained

from the patients and approval of the local ethic committee was

given. Directly before surgery, imaging studies were performed

with a 1.5 T MR scanner. All patients underwent an MRI

anatomic navigation sequence preoperatively with fixed skin

fiducials. After administration of gadolinium, a T1-weighted

3-D fast field echo sequence was obtained in axial sections for

3-D volume rendering. The data set was transferred to the

SonoWand system (Mison AS, Trondheim, Norway), which

is an ethernet-linked neuronavigational system with a high-end

ultrasound scanner. The system has the capability to trace

the navigated ultrasound probe, which allows acquiring 3-D

ultrasound volume sets which can be used again for neurona-

vigational purposes. The system displays preoperative MRI

data and the 3-D-ultrasound data simultaneously.

Prior to surgery, the patient was randomized either to

complete tumour removal according to the neurosurgeons

impression (group 1) or to incomplete tumour removal

(group 2); in group 2, the neurosurgeon intentionally left a

tumour remnant (<1 cm) prior to intraoperative ultrasound

evaluation 4 (see below). Intraoperative 3-dimensional ultra-

sound images were obtained at five defined surgical steps:

1-after trephination, before dura opening; 2-after dura open-

ing; 3-at least once during tumour removal; 4-prior to evalu-

ation by the blinded investigator (Fig. 1); 5-after dura

closure. No information about the course of the operation

was given to the investigator, and the video screens display-

ing the intraoperative microscopic images of the resection

cavity were turned off during evaluation. The investigator

was allowed to see even repetitively all ultrasound images

before making a final decision. It is noteworthy that the

intentionally left tumour remnant was removed after the

ultrasound evaluation. It was investigated if intraoperative

3-D ultrasound allows differentiating between complete

tumour resection and tumour remnants. If the neurosurgeon

has had the impression of complete tumour removal but the

blinded investigator believed to have identified a tumour

remnant on the intraoperative 3-D ultrasound image tissue

was harvested for histopathological investigation.

Results

In two patients standard craniotomy was not large enough for

obtaining 3-dimensional ultrasound images; sweeping the

ultrasound probe was hindered by the craniotomy margins.

In additional two patients the image quality was too poor for a

meaningful intraoperative evaluation, leaving 12 patients for

evaluation. In the six patients randomized for incomplete

tumour removal, 3-D ultrasound correctly identified tumour

remnants in four patients (67%). In six patients randomized

for complete tumour removal, 3-D ultrasound confirmed

complete tumour resection in three patients. In this group,

3-D ultrasound identified correctly one tumour remnant which

was overseen by the surgeon and which was subsequently

removed after histopathological confirmation of tumour tissue.

Thus, the sensitivity of 3-D ultrasound for tumour remnant

detection increased to 71% (five of seven patients) and the

sensitivity for complete tumour removal was 60% (three of

five patients). In two patients, tumour remnants were

assumed on 3-D ultrasound, but not proven histologically.

Overall, the intraoperative situation was correctly predicted

by ultrasound in 8 of 12 patients (67%).

Discussion

Increased radicality of tumour resection is closely related to

longer survival and longer progression-free survival in

malignant brain tumours. The ill-defined border of intraaxial

brain tumours often prevents complete resection only with the

aid of the operating microscope. Thus, many attempts have

been made to improve the amount of resection. Stummer and

coworkers convincingly showed that the preoperative intake

of 5-aminolevulinic acid and the intratumoural synthesis of

fluorescent protoporphyrine IX, which ‘‘stains’’ the tumour,

allow reducing the percentage of incompletely resected

malignant gliomas significantly [5]. Even more effort was

made to bring MRI into the operating room for detection of

overseen tumour. Intraoperative MRI has a high sensitivity

for detection of tumour remnants, even if extravasation of

contrast medium sometimes produces tumour-like artefacts

[6]. The high costs of intraoperative MRI and the necessity of

using non-ferromagnetic instruments if the operation is done

in the environment of the scanner hindered the wide-spread

application of intraoperative MRI. A two-room solution with

the need of a patient transport system is time-consuming and

limits the number of repetitive investigations.

Intraoperative ultrasound has been proposed as a less

expensive and repetitively available alternative to MRI.

Already in 1989 LeRoux and coworkers showed that

the intraoperative ultrasound image correlates well with

histopathological findings, and Woydt et al. in 1996 con-

firmed these results [7, 8]. Both groups used 2-dimensional

ultrasound for identifying the tumour borders, and assumed

that ultrasound has the potential to enhance the amount of

resection. Unsgaard and coworkers, using a 3-dimensional

ultrasound in combination with neuronavigation, took tissue

samples between 2 and 7 mm from the tumour border as
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seen on intraoperative 3-dimensional ultrasound images

and found a positive correlation of histology and ultrasound

imaging in 74% low-grade gliomas, 83% astrocytomas WHO

grade III, 77% glioblastomas and 100% metastases [9].

Interestingly, studies focussing on resection control are

rare: Lindner et al. used 3-dimensional ultrasound for resection

control in 23 patients with metastases, gliomas, cysts, lym-

phomas and meningiomas. Resection control was possible in

78%, and the intraoperative ultrasound finding correlated

with the post-operative MRI in 63.6% of the cases [10].

Gerganov et al. performed a prospective clinical trial and

compared the reliability of intraoperative MR imaging

and 2-dimensional ultrasound for tumour remnant detection.

Tumour remnants were seen in 21 of 26 patients by MR

imaging; with ultrasound two tumour remnants detectable by

MRI were missed, which indicates that resection control

with intraoperative MR imaging might be more effective

[11]. Our study is the first prospective randomized study

addressing the issue of resection control. As the investigator

who has to evaluate the ultrasound images was blinded with

respect to tumour remnant or total resection, an overall

correct prediction rate of 67% is acceptable, and in line

with the few published data [10]. Our study further indicates

that the strength of 3-D ultrasound is the identification of

tumour remnants; tumour remnants were correctly identified

in 71%, which is remarkable because the tumour remnants

which have been intentionally left behind were less than

1 cm in diameter. The data of Gerganov et al. suggest that

the detection rate would have been higher in cases of larger

tumour remnants [11]. The correct identification of complete

tumour removal was poorer with 60%; in two of three

patients tiny blood clots in the resection cavity were mistaken

Fig. 1 Intraoperative 3 D ultrasound before (a) and after resection (b) of a large frontal anaplastic oligodendroglioma
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for tumour remnants. The same phenomenon already has

been described [11]. It can be assumed that the predictive

value would have been higher if the investigator would have

had a close knowledge of the resection cavity or would have

performed the operation himself: Suspicious areas of poor

delineation between tumour margin and normal brain tissue

requiring a closer look up with ultrasound and blood clots

which can be mistaken for tumour on ultrasound imaging

already would have been known.

The low number of patients in our prospective study

limits its value. Nonetheless, our data indicate that 3-

dimensional ultrasound has the potential to control resection

effectively during brain tumour surgery. The use of contrast-

enhancing agents possibly would facilitate identification of

overseen tumour further [12].

Conclusion

During brain tumour surgery, 3-dimensional ultrasound can

be used for resection control. Intraoperative ultrasound

seems to be most valuable for detection of tumour remnants

and, thereby, offers the chance to enhance the extent of

tumour removal. Proof of already completed total tumour

resection by 3-D ultrasound is not as reliable. Normal brain

tissue altered by microsurgical resection can be mistaken as

tumour. To definitively define the value of 3-dimensional

ultrasound for resection control, a larger study is required.
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Advantages and Limitations of Intraoperative 3D Ultrasound
in Neurosurgery. Technical note

Oliver Bozinov, Jan-Karl Burkhardt, Claudia Miranda Fischer, Ralf Alfons Kockro,
René-Ludwig Bernays, and Helmut Bertalanffy

Abstract Three-dimensional ultrasound (US) technology is

supposed to help combat some of the orientation difficulties

inherent to two-dimensional US. Contemporary navigation

solutions combine reconstructed 3D US images with common

navigation images and support orientation. New real-time

3D US (without neuronavigation) is more time effective,

but whether it further assists in orientation remains to

be determined. An integrated US system (IGSonic,

VectorVision2, BrainLAB, Munich Germany) and a non-

integrated system with real-time 3D US (iU22, Philips,

Bothell, USA) were recently compared in neurosurgical

procedures in our group. The reconstructed navigation view

was time-consuming, but images were displayed in familiar

planes (e.g., axial, sagittal, coronal). Further potential applica-

tions of US angiography and pure US navigation are possible.

Real-time 3D images were displayed without the need for an

additional acquisition and reconstruction process, but spatial

orientation remained challenging in this preliminary testing

phase. Reconstructed 3D US navigation appears to be

superior with respect to spatial orientation, and the technique

can be combined with other imaging data. However, the

potential of real-time 3D US imaging is promising.

Keywords Image-guided surgery � Reconstructed 3D

ultrasound � Intraoperative sonography � Neuronavigation �
Real-time 3D ultrasound � Neurosurgery

Introduction

Recently it has become increasingly attractive to add

intraoperative imaging data to the surgical planning/proce-

dure [1], and ultrasound offers an inexpensive and quick

alternative to MRI or CT [2 9]. However, neurosurgeons

usually have little experience with the interpretation of

intraoperative (mainly oblique) US views and have instead

been trained to interpret MRI images in the axial, coronal

and sagittal display [4, 8, 10, 11]. The growing spread of

ultrasound use has been influenced by significant improve-

ments in image quality over the past few years as well as

the fact that probes have become small enough to fit into a

minimally invasive craniotomy [9, 11, 12]. Our own group

has described a two-platform model [13] and a one-platform

solution for the combination of MRI neuronavigation and

US [11]. This led to increased routine use of this technolo-

gy by several neurosurgeons previously unfamiliar with US

[11, 14]. The recent development of real-time 3D US

probes raises the question of whether one modality can

replace the other. We present here our initial experience.

3D Ultrasound-Assisted Image-Guided
Neurosurgery

Technical Aspects

The technical characteristics of theVectorVision2 (BrainLAB,

Heimstetten, Germany) system and the integrated US device

(IGSonic) have been reported previously in detail [11]. Brief-

ly, the precalibrated current IGSonic Probe 3000 (4 9 MHz

frequency) with multi-focus imaging is connected to the

VectorVision navigation station, and the infrared cameras

track the reflective marker spheres of a reference clamp

attached directly to the probe. No registration of the US

probe is necessary when using a one-platform solution. The

system provides real-time US information and overlays the

ultrasonic images or puts them next to the corresponding

classical images of the navigation system. Acquisition of a

3D data set is possible with the most recent version of the

system.
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3D Ultrasound Acquisition and Display

After craniotomy, the first US investigation is performed once

the US probe is automatically registered (approx. 30 s). The

draped touch screen allows alteration by the surgeon, who can

adjust the parameters for better visualisation and acquire

the 3D US dataset. The US probe is moved over the field

of interest. Each real-time 2D US image is saved with the

specific coordinates recognised by the navigation system

through the US reference star. A maximum of 256 slices

were collected per dataset, and US data were reconstructed

based on spatial resolution. The acquisition time for an entire

256-image set was 1 2 min, and the calculation time was

30 60 s each. Each 3D US dataset can be displayed in the

usual planes of neuronavigation (axial, coronal and sagittal)

(Fig. 1a, b). If a tumour border has been outlined preopera-

tively (segmented image) in the MRI or CT dataset, it can be

optionally superimposed onto the 3D US image (Fig. 1a, b).

Ultrasound Angiography

As previously reported by our group, intraoperative land-

marking of anatomical structures (e.g., vessels or tumour

remnants) by US is possible and may be fused to intraopera-

tive 3D US reconstructions [10]. This might provide addi-

tional useful intraoperative information for the surgeon in

cases of complex glioma or vascular lesion [9, 10, 15, 16].

Three-dimensional acquisition in the Doppler mode stores

only colour-coded Doppler information, which in summary

will reconstruct a 3D vessel superimposed on the navi-

gation images of choice (Fig. 1b). Eventually, this leads

to intraoperative non-invasive angiography. Our system

did not provide any surface-rendering program, as CT or

MRI angiographies do. Other groups have demonstrated

enhanced image qualities by additional surface-rendering

[9, 17]. Thus, more promising tools may be available in the

near future.

Fig. 1 The right side of the left navigation screenshot (a) of a right temporal cavernoma displays all three familiar planes (axial, coronal and

sagittal) of the 3D ultrasound reconstruction data corresponding to their preoperative navigated MRI data on the left side (highlighted by the small
circles in all six windows). The arrows point to the skull base below the cavernoma (hyperintensive in ultrasound reconstruction). The right
screenshot (b) includes the US angiography of the right internal carotid artery and middle cerebral artery (arrows) of a right temporal glioblastoma

case (outlined preoperatively). The navigation images of the preoperative MRI and reconstructed 3D ultrasound acquisition were also placed in

(b) as described above in (a)
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Real-Time 3D Ultrasound Imaging

Technical Aspects

The US probe X7-2 (2 7 MHz frequency) used to acquire

real-time 3D images (iU22, Philips, Bothell, USA) is pre-

dominantly designed for paediatric cardiologists or gynae-

cologists. The xMATRIX array technology utilises 2,400

fully sampled elements for 360-degree focusing and steer-

ing. The array probe enables live xPlane imaging to acquire

two full-resolution planes simultaneously from the same

heartbeat or region of interest. The system’s multi-direction-

al beam steering provides unlimited planes in all directions,

and live volume imaging allows the acquisition and render-

ing of full volume data at true real-time frame rates with

unparalleled isovoxel resolution. The settings on the system

are not primarily ordered for neurosurgical procedures,

according to the company. However, there is increasing

corporate interest in further adapting parameters for brain

and tumour visualisation, which is crucial for optimal US

imaging.

3D Ultrasound Acquisition and Display

An acquisition procedure is not necessary, as the 3D data are

immediately available (live). In the ‘‘X-Plane’’ mode, two

US images are displayed (Fig. 2c). The left one always

shows the 2D US image according to the position of the

probe (oblique). The right one displays the corresponding

live 2D image according to the chosen degree of turn (from

0� to 360�). For example, if one holds theUS probe in an axial

position, then a choice of a 90� or 270� turn will illustrate the
corresponding coronal (from the lateral approach) or sagittal

(from the anterior approach) image of this area of interest

(Fig. 2c). The ‘‘Live 3D’’ mode displays all of the US

information from the array probe at once in a cone. The

width of the cone can be adjusted to the user’s needs.

The image is displayed online and changes immediately in

response to all movements of the probe. In predominant

tissue areas (brain and tumour tissue with no cysts or ven-

tricles), visualisation of the field of interest is difficult; it is

thus especially complex to demonstrate in a 2D picture

(Fig. 3). However, the overall advantage of this mode for

Fig. 2 Images from a 12

year old male show a cerebellar

low grade astrocytoma with

multiple cysts (a). The real time

3D ultrasound images (b) display
the solid lesion (L), cysts (C) and

tentorium (T) in two planes

simultaneously. The arrow
shows the degree of the right
ultrasound image compared

to the oblique left side. In this

case, the right image is a 270�

turn of the left image (near axial)

and should represent a nearly

sagittal position. The ‘‘X Plane’’

mode was used for this image
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neurosurgeons still remains to be discovered. Gynaecolo-

gists and pregnant mothers appreciate this ‘‘Live 3D’’

mode, as it is often able to show the surface of the foetus

and sometimes even the face. Multiple sets of 3D US images

or videos can be stored and reactivated any time during the

surgical procedure.

Ultrasound Angiography

The usual Power Doppler and additional modes are available

with the real-time 3D US probe, but no advanced reconstruc-

tion for angiographies or navigation combination is included.

Comparative Advantages and Disadvantages

Clinical Arrangements

To facilitate optimal US imaging, nearly all patients are

positioned during surgery with a nearly vertical craniotomy

corridor. In such a position, saline remains in the resection

cavity after the dura is opened for ultrasound imaging; the

amount of air bubbles can be limited to reduce acoustic

shadows [9]. This technique was used to facilitate sono-

graphic resection control with both systems. In all cases,

the chosen craniotomy was sufficient for the US probe; our

group performed no enlargement of the craniotomy for

either US probe. Initial US acquisitions were performed

extraduraly. Repeated intraoperative image updating was

valuable and easily accomplished, even in inexperienced

hands. The best image acquisition was always obtained

after filling the cavity with normal saline. After dural clo-

sure, images were mostly unacceptable (especially after 3D

reconstruction) due to remnant air bubbles. Resection con-

trol is therefore recommended intraduraly and directly,

either with the navigated 2D mode or real-time 3D probe.

The technical installation of both systems for surgery needs

no significant aid. However, this is different during surgery.

Navigated 3D US can be managed via a draped touchscreen

by the surgeon, whereas the real-time US machine has to be

managed by an unscrubbed person. It is possible to drape the

buttons and a small additional touch screen, but handling the

trackball through a drape is impossible.

3D Orientation and Resolution

In all cases, a leading anatomical landmark (falx, tentorium,

ventricles, brainstem or skull base) close to the lesions was

noted to allow for rapid orientation of the surgeon using

the real-time 3D US mode. Anatomical landmarks became

unnecessary when reconstructed 3D US images were pre-

sented next to their corresponding image slices of the pre-

operative navigation sets (MR or CT) (Fig. 1a, b). The

combination of both 3D data sets (US andMRI) in one picture

is also possible, but using the same greyscale for both images

makes visualisation difficult. Lindseth et al. [8] introduced

multimodal image fusion in US-based neuronavigation by

improving the overview and interpretation. These authors

integrated preoperative MRI with intraoperative 3D US and

added an accuracy study to this combination of two systems.

Displaying the 3D data as a specifically oriented image plane

was somewhat supportive for the orientation. It was initially

challenging to determine the degree that would actually

Fig. 3 A cone picture is

displayed from the use of the

‘‘Live 3D’’ full volume mode

(same case as Fig. 2) with real

time 3D ultrasound (a). Basically,
all ultrasound data from the array

probe are shown in one 3D

animation. The width of the cone

can be changed according to the

user’s needs. The orientation is

very difficult and anatomical

structures not clearly presented.

Most of the tissue overshadows

the solid lesion (L), cysts (C)

and tentorium (T). The small

picture from the array probe

(b) demonstrates the linear

ultrasound in a 3D representation

(Copyright Philips, Bothell,

USA)
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become a true axial, coronal or sagittal slide (Fig. 2). The full

real-time 3D US cone image (‘‘Live 3D’’) provided no addi-

tional help regarding orientation (Fig. 3). Unsgaard et al. [9]

have published a benchmark review article regarding develo-

pments in reconstructed 3D US. They have used the intra-

operative imaging system SonoWand (Mison A/S), which is a

high-end US platform with a supplementary navigation sys-

tem [18]. This system has shortened the acquisition time to a

very tiny delay of surgery. The resolution of its US probes is

also superior to that of the IGSonic probe. The resolution

of our real-time 3D probe is very good, but the image

pre-settings could be improved.

Comparison via One Lesion Entity
(Cavernoma)

Cavernomas provide a favourable group of lesions for

US-guided resection [19]. Their significant hyperechogenity

(Fig. 1a) is most likely due to the concentrated hemosiderin in

and around the lesion, as seen on haemorrhages in US images.

After 3D acquisition, neuronavigation was sometimes

changed completely to the USmode without using any further

preoperative MRI data. Vessels close to the cavernoma (like

the often-seen draining vein) can be visualised and land-

marked nicely with the Color Doppler mode [10]. Real-time

3D ultrasound was also able to localise and demonstrate such

lesions. No disturbing shadows were experienced due to per-

fect 3D visualisation. However, navigation guidance for fur-

ther surgery was certainly missing. Navigated 3D acquisition

was especially helpful for intraoperative planning of the

approach, whereas subsequent postoperative reconstructed

3D resection control was not helpful in our experience.

After complete microscopic resection of the cavernoma, the

surrounding tissue remained hyperechogenic in 3D US recon-

structions and it thus imitated a significant residual lesion or

even the condition of no resection at all. We have used real-

time 2D US for resection control of cavernomas when using

navigated ultrasound. For resection control, real-time 3D US

is superior. The images are clearer and immediately available.

However, the image quality is not comparable to a high field

intraoperative MRI or high frequency multi-focus ultrasound

probes, and landmarking of the residual tumour for navigated

identification is still not possible.

Standalone Use

One positive aspect of US technologies is their frequently

mentioned low cost [9, 11, 12]. Neuronavigation has become

a state of the art tool in the last two decades. Even in eco-

nomically challenging countries, neuronavigation systems

are increasingly purchased, however such devices are rarely

used in practice because preoperative MRI is often too costly

for patients in these countries. Many neurosurgical groups

intend to obtain intraoperative imaging technology but often

struggle with the enormous costs of intra-operative MRI

imaging and furthermore the running costs should not be

forgotten. An integrated US navigation system would offer

a cheap intraoperative imaging alternative with familiar

orientations (i.e., axial, coronal and sagittal) and basically

no running costs. Furthermore, this tool can also be used

without any expensive preoperative imaging modality (CT

or MRI) and therefore should be very interesting for eco-

nomically challenging countries as a true alternative to

intraoperative MRI or CT. The real-time 3D US system itself

(with additional transducers) is certainly a high-end, modern

intraoperative imaging device with minimal running costs.

Outlook and Future

Further development of image quality for one-platform solu-

tions would be highly appreciated, but those improvements

should not change the convenient manageability, handiness

or plug-and-play usage. Most interesting will be further

technical developments in real-time 3D US sonography

with better image settings, real time segmentation features,

higher frequency, multi focus imaging and larger probe

arrays. Certainly, more experience with real-time 3D imag-

ing will help as well. Finally, combination with a navigation

system could overcome the persistent orientation problem.

The surgeon could immediately see the US image in all three

familiar dimensions/planes without any time delay due to

acquisition or calculation. This would make neurosonogra-

phy a very strong competitive alternative in intraoperative

imaging.

Conclusion

These two presented intraoperative 3D US techniques offer

user-friendly and clinically useful imaging modalities and

represent further important steps in neurosonography. Ori-

entation in a one-platform solution with neuronavigation

remains superior to that in a real-time US system. However,

a larger clinical series should look deeper into these prelimi-

nary experiences.
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Integrated Intra-operative Room Design

Ivan Ng

Abstract The design of intraoperative suites require signi-

ficant inputs from the neurosurgeons. Prior consideration

of specific surgical objectives before investment of capital

resources will enable to surgeon to yield maximum value

from the project.

We describe the setup of the integrated neurosurgical

centre at our institution which comprises of a hybrid high

field MRI suite, an OR’s consisting of a multi-slice CT

scanner and iso-C 3D respectively. The iCT and ioMRI

OR’s carry ICG angiography capabilities. These ORs are

linked to also the Novalis radiosurgery suites and outpatient

clinics and offices to facilitate pre-surgical review, planning

as well as treatment plans on a common interface via the

BRAINSUITE net.

Design considerations include right sit-ing of imaging

equipment as well as a focus of ergonomics and design

features to maximize workflow. Whenever possible, stan-

dard neurosurgical instrumentation is utilized.

With widespread availability of technology, neuro-

imaging in the operating room may become more prevalent.

The surgeon is the lead individual in the team with regards to

planning and designing the ORs to accommodate the new

imaging equipment.

Keywords Intraoperative imaging � Operating room design

Introduction

For more than a decade, advanced imaging modalities like

3D fluoroscopy [1], computed tomography (CT) [2, 3] and

magnetic resonance imaging( MRI) [4 6], catheter [7, 8] and

indigo-cyanine green (ICG) angiography [9, 10] have made

their way into the operating rooms and considerable experi-

ence with a wide array of systems have been accumulated.

The move to incorporate various imaging modalities within

neurological surgery has been driven by the need to ensure

that the desired operative endpoint or objective has been

achieved. Examples would be the need to verify optimal

clip placement following aneurysm surgery, correct posi-

tioning of screws in spinal instrumentation procedures and

more recently to ascertain brain tumour- normal brain inter-

face where the margins may not be readily apparent to the

visible eye.

The incorporation of these modalities in the operating

environment would in some instance require some degree

of configuration change of the operating suite as well as

workflow modifications to accommodate this change from

conventional neurosurgery. This may vary widely; it may

require little or no change in operating suite design and

construct; e.g. the use of 3D fluoroscopy to one which

requires significant planning, pre-design and construction

of an operating suite; e.g. the construction of a high field

intra-operative MRI facility.

The construction of intra-operative operating rooms

(OR’s) in our institution for the purposes of neuro-

surgery was conceptualized to incorporate various forms of

neuro-imaging to cover and support the whole spectrum of

neurosurgical diseases into a pre-existing operating room

complex. In this manuscript, we describe the set-up of the

integrated neurosurgical centre focused on its various intra-

operative imaging options and objectives of design.

Materials and Methods

The integrated neurosurgical centre at the Singapore General

Hospital, Singapore comprised of three intra-operative OR’s

and a Novalis radiosurgery suite (BrainLAB, Feldkirchen,

Germany) which was built on a network platform that was
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designed to enable seamless transfer of imaging information

from workstations in the outpatient clinics and individual

neurosurgeons‘ office to the various OR. The design facili-

tated easy access to the workstations of rendered software

to allow for pre-surgical planning in any part of the hospital

with wireless access and these data can be stored and

transferred to the navigational consoles within individual

OR’s. These OR suites were specifically organized within

the major operating theatre complex and accommodate the

building of a brand new operating room with a high field

magnetic resonance imaging machine (1.5 T; ioMRI); the

remaining two OR’s incorporate each an intra-operative

imaging modality, namely a 32 slice computed tomography

scanner on rails (iCT) and a 3 dimensional fluoroscopy

system( i-iso C 3D).respectively in two separate OR’s.

Hybrid ioMRI Suite Setup

The ioMRI suite measures 11,225 mm by 7,420 mm (ap-

proximately 83 m2 and was built on space previously used

within the major operating complex for post surgical recov-

ery. The control room which includes the server room was an

additional 7,865 mm�3,500 mm. The layout of the

operating suite is shown in Fig. 1. The high field 1.5 T

MRI(Magnetom Espree, Siemens; Erlangen, Germany) has

a 70 cm wide bore open magnet with 30 cm of face space and

is 125 cm long and is housed within a pre-fabricated radio-

frequency-shielded cabin. The smaller footprint of the

magnet allows for greater space conservation and the larger

bore allows for surgical procedures in the supine, prone or

lateral positions. The operating table (Trumpf, Pucheim,

Germany) is fully MRI compatible and in the default posi-

tion lies within the ‘‘sweet spot’’ of the operating room. It

permits rotational movement of the patient enabling the head

to be beyond the edge of the 5 Gauss safety line; additionally

the layout allows the provision to utilize neurosurgical pro-

cedures to be carried out with standard instrumentation.

When scanning is planned, the patient is placed in the mag-

net by rotating the operating table. The patient’s head is held

in a MRI compatible ceramic head holder which allows 32

coil elements to be seamlessly integrated into one examina-

tion and read out into eight independent receiver channels. A

ceiling mounted microscope (Pentero, Zeiss, Oberkochen,

Germany) with ICG angiography capabilities has a camera

for tracking microscope movements is placed at a distance of

approximately 1.5 m in the 5-G perimeter (Fig. 2). We use

the Automatic Image Registration software & hardware

(BrainLAB, Feldkirchen, Germany) which allows for auto-

matic registration of intra-operative images from the ioMRI

scanner. The intra-operative images are available for image

guided surgery at the navigation system immediately after

the scanning process without requiring any manual regis-

tration. For this process, a special MR compatible reference

structure and a reference star is attached to the upper half

of the head coil and the head clamp. We routinely utilize

anatomical and functional as well as tractography images for

navigation [4, 11 13]. The navigation workstation is placed

outside the radiofrequency shielded OR (Fig. 3). Three MRI

compatible high resolution flat screen color monitors (57 in.)

are available for the purposes of display of navigation guid-

ance, live video streaming of the operating procedure and

neuro-images retrieved from the hospital in- house PACS

system.

Intra-Operative CT Scan (iCT) OR

The iCT OR was retrofitted into a pre-existing neurosurgical

OR and its dimensions are 8,350 mm�7,000 mm�3,000 mm

[approx. 59 m2] and incorporates a control room with the

dimensions 5,900 mm�3,150 mm [approx. 19 m2]. The

main components of the OR includes a commercially avail-

able 32 multi-slice CT scanner (Somatom Sensation Open

Gliding Gantry; Siemens Medical Solutions, Forchheim),

CT (32 slice; Siemens, Germany), a motorized radiolucent,

flexible rotating table (Trumpf, Pucheim, Germany), and a

ceiling mounted frameless infrared-based neuronavigational

system (Vector Vision Sky; BrainLab) as in the ioMRI. The

setup is represented in Figs. 3 and 4. The operating table

allows patient to be positioned in all positions except the

sitting position and the CT scanner gantry moves over the

patient during scanner by means of rails built on both sides of

the operating table (Fig. 3). As in the ioMRI suite, the scanner

is controlled by a workstation in a room next to the OR

with direct visual contact and video surveillance. This allows

for CT image acquisition without radiation exposure to

personnel.

Brainsuite Network System

DICOM data generated from the MRI and CT scanner

is networked between the BRAINSUITE net (BrainLAB,

Feldkirchen, Germany) and the image guided surgery sys-

tem which allows for automatic registration within the OR

suite. The neuronavigation system also functions as a control

terminal for BrainSUITE NET allowing for a common sim-

ple interface for which to manipulate the data. We deployed

a image data management system which allowed for video

and still images like the surgical microscope and endoscope

as well as the OR light’s video camera and room cameras.

This features a high end, firewall encapsulation of the

complete subnetwork with controlled data link to the MR
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scanner interface. Configurable connectivity to existing hos-

pital infrastructure like CT, MR. X-ray workstations and

PACS for DICOM image data transfer and even the possi-

bility of immediate remote service response was also catered

for (Fig. 5).

Results

The casemix for the ioMRI and iCT suites from June 2008 to

July 2009 are shown in Table 1 and 2 respectively. Work-

flow for the surgical team, nursing and anaesthetic team

Fig. 1 Schematic overview of the IoMRI suite. The suite consists of the OR proper with its RF cabin; an anaesthetic preparation room, scrub nurse

preparation room, dedicated scrubbing area and the control and server room
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1.5T MRI

FIRST
SURGEON

SECOND
SURGEON

SCRUB
NURSE

INSTRUMENT
TROLLEYS ANAESTHETIC

MACHINE

ANAESTHETISTS

STERILE DRAPE
SECURED TO
MR COMPATIBLE
DRIP STANDS

RED ZONE
50 GAUSS
AND ABOVE

YELLOW ZONE
5 GAUSS AND
ABOVE

Fig. 2 General surgical layout within the ioMRI OR. Surgery is performed at the area which is beyond the 5G line (yellow perimeter). This allows

the use of conventional neurosurgical instrumentation. The arrangement allows for our usual OR configuration with regards to position of scrub

nurse and assistant

Fig. 3 Schematic overview of iCT and iso C3D suites
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Fig. 4 iCT set up with a mobile

32 slice CT scanner on rails

with the radiolucent operating

table at its epicenter

Fig. 5 The BRAINSUITE net setup
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were essentially kept similar with minor modifications. With-

in the OR, the surgical team and its spatial relationship with

the scrub nurse and her instruments were unchanged to

maintain efficiency and optimize coordination between the

two teams. Standard neurosurgical instruments were used

even in the ioMRI OR as the neurosurgical procedure was

conducted just beyond the 5 G safety line. To increase

patient safety, the anaesthetic team deployment allows for

easy access to all vascular access and airway and physiolog-

ical monitoring and can be continued remotely even during

scanning with wireless devices or through cables running

through the booms in the roof to the control rooms. All

medical equipment are placed on articulated booms to keep

heavy and bulky items out of harms way and away from the

imaging equipment. In the ioMRI OR, all equipment are

secured in place. The OR floor is kept free of clutter as

much as possible. All the relevant OR;s utilize a line of

sight neuronavigation system with a touchscreen with auto-

registration capabilities to minimize time wasted by trans-

ferring new data into system and manually re-registering.

Duration where navigation is possible during the operation is

maximized by having ceiling mounted line of sight naviga-

tion systems.

Discussion

Various options for intra-operative modalities have got sig-

nificant different properties and capabilities to visualize

neuroanatomical and potentially neurophysiological entities

and the current state of technology has demonstrated value

in individual categories of neurosurgical procedures; e.g.,

the use of the MRI has been shown to potentially benefit

transphenoidal resection of pituitary tumours [14] intra-axial

tumours particularly gliomas [4, 11 13]; fluoroscopy with

or without 3D reconstruction(as been demonstrated to be

valuable with spinal instrumentation [10, 15, 16]. We there-

fore endeavored to build suites that will incorporate imaging

modalities which may be best utilized to provide the informa-

tion necessary to the neurosurgeon for him to make critical

decisions and as an adjunct towards the smooth conduct of the

operation. In this regard, we surmise that the MRI would be

valuable for us in neuro-oncology [4 6, 12], the multi-slice

CT scanner would be useful in craniofacial procedures,

aneurysms with CT angiography [3], spinal instrumentation

and as a peri-operative surveillance tool; the iso C 3D

fluoroscopy for spine [10, 15, 16] and ICG angiography

incorporated into the operating microscope in both the

ioMRI and iCT so that vascular cases may be performed in

either OR. With regard to the choice of the MRI, the three

choices would be a low field, 1.5 T and 3 T machines to

choose from [17 19]. We opted for a 1.5 T MRI for its

superior image resolution and its ability to provide in addi-

tion to structural anatomical images other sequences such

as tractography, diffusion weighted imaging, spectroscopy,

MR angiography and venography compared to the low field

systems. While there have been some 3 T systems employed

in the clinical setting, the advantage at this juncture over the

1.5 T machine for neuro-oncology has not been sufficiently

investigated although there may be emerging evidence sug-

gest that the additional information with spectroscopy may

further aid glioma resections [17, 19, 20].

The design of these OR’s was also predicated on the fact

that it would be desirable not to modify too drastically the

workflow or arrangements of the respective surgical and

anaesthetic teams. We thus sought to ensure design would

suit our unique institutional requirements with regards to

using the usual surgical instruments as well as relative posi-

tion of the surgeon and his assistant during the operations

well as scrub nurse positions to maintain and maximize

surgical efficiency. Optimization of ergonomics and work-

flow also involved suspending whenever possible all surgi-

cal equipment such as the electrocautery machine, suction,

craniotomy drills and endoscope trolleys onto booms sus-

pended off the roof so as to minimize clutter on the floor.

The choice of the imaging system would largely be deter-

mined by the institutions’ casemix and in most instances, the

design and conceptualization would best be served by hav-

ing surgeons with a vested interest in utilizing the techno-

logy leading the project design and implementation. This

would ensure that the ORs are built to specifications which

would best facilitate and improve on contemporary practice.

While turnkey solutions are available commercially, indivi-

dualized planning is still valuable to maximize efficiency

and ensure that the new ORs are appropriately used.

Table 1 Casemix of ioMRI from May 2008 to June 2009

ioMRI

Gliomas 37

Pituitary tumours 55

AVMs 12

Metastasis 11

Biopsy 5

Total 120

Table 2 Case of iCT from May 2008 to June 2009

iCT

Spinal instrumentation 67

Cranial tumours 131

Stereotaxic biopsy 33

Aneurysms(icg & CTA) 7

AVMs(iCT & CTA) 3

Others (trauma, neuroendoscopy) 140

Total 381
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Conclusions

The design and building of hybrid intraoperative OR’s

despite the increasing availability of turnkey solutions will

still need to be led by neurosurgeons with careful thought put

towards designing the OR’s to suit individual needs within

the institution.
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Multimodal Navigation Integrated with Imaging

Christopher Nimsky, Daniela Kuhnt, Oliver Ganslandt, and Michael Buchfelder

Abstract Intraoperative high-field MRI in combination

and close integration with microscope-based navigation

serving as a common interface for the presentation of multi-

modal data in the surgical field seems to be one of the

most promising surgical setups allowing avoiding unwanted

tumor remnants while preserving neurological function.

Multimodal navigation integrates standard anatomical, struc-

tural, functional, and metabolic data. Navigation achieves

visualizing the initial extent of a lesion with the concomitant

identification of neighboring eloquent brain structures, as well

as, providing a tool for a direct correlation of histology and

multimodal data. With the help of intraoperative imaging

navigation data can be updated, so that brain shift can be

compensated for and initially missed tumor remnants can be

localized reliably.

Keywords Brain shift � Intraoperative MRI � MRI � Neuro-
navigation

Introduction

The possibility to objectively determine the extent of tu-

mour removal during surgery is highly advantageous. Thus,

intraoperative imaging has gained increasing interest in the

last decade. If a resection is incomplete, one can attempt to

remove the tumour residues that were initially missed

during the same operation. In contrast to a subjective

estimation by the surgeon, intraoperative imaging allows

an objective evaluation of the intraoperative situation, thus

acting as quality control during surgery [1 6]. In addition

to intraoperative imaging, an integral part of our concept

of computer aided surgery is the simultaneous application

of navigation [5, 7, 8]. This integrated navigation allows

essentially visualizing the results of pre- and intraoperative

imaging in the surgical field, so that the image data provide

an immediate feedback. The main goal is to prevent

increased neurological deficits despite increased resections

that might result from the attempt to remove initially over-

looked tumor remnants that are detected by intraoperative

imaging.

In standard navigation, also known as frameless stereo-

taxy, the real space of the surgical field is registered to the

3-D image space, which is based on anatomical data only.

We prefer the application of microscope-based navigation,

where the extent and localization of a tumour is superim-

posed on the surgical field through contours using the heads-

up display technology of the modern operating microscopes.

Standard navigation, based on anatomical information only,

which has become a routine tool in many neurosurgical

departments, was enhanced by the integration of further

information from other modalities resulting meanwhile in

the so-called multimodal navigation.

Functional navigation, integrating preoperative data

from magnetoencephalography (MEG) [9 11] and function-

al magnetic resonance imaging (fMRI) [5, 12] to define

the localization of cortical eloquent brain areas, such as the

motor and speech areas, was the first step in the direction

of modern multimodal navigation. Functional navigation

allowed more thorough resections of tumours in risk zones

with low morbidity. Integration of diffusion tensor imaging

(DTI) data delineating the course of major white matter tracts

extended this concept also to subcortical areas [13 16],

while the co-registration of PET data and information

from MR spectroscopy (MRS) added metabolic information

leading to true multimodal navigation [17 22].
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Navigation in an Environment
with Intraoperative Imaging

There are several concepts implementing the combination

of navigation and intraoperative imaging. One possibility is

that the MR scanner serves as a navigational device per se, as

it was the basic principle in the 0.5 T double-doughnut GE

scanner concept, where the patient was operated directly in

the scanner [1, 23, 24]. Since surgical space and imaging

space are identical, an instrument in the surgical space can

be tracked in the image space without much additional

effort. Direct navigation in the MR scanner is often based

on realtime imaging, like in the so-called prospective stereo-

taxy, a method for trajectory alignment for placements of

catheters or sampling biopsies [25 27].

Alternative attempts to integrate intraoperative MRI and

navigation result in a standard navigation setup because

image space and surgical space are not identical, necessitat-

ing some kind of patient registration. Most setups implement

navigation at the 5 G line, so that standard non-MR-compatible

instruments can be used. Ceiling mounted solutions of the

navigation camera and screens [5] are an optimal solution in

the intraoperative scenario, since placing a standard naviga-

tion system just close to the MR scanner might increase the

risk of potential magnetic accidents. High navigation accu-

racy is a prerequisite if the navigation information is to be

used at critical steps during the resection of a tumor. Among

all errors contributing to the overall navigation accuracy, the

initial patient registration process is mostly prone to errors.

The most common strategy for patient registration relies on

placement of skin-adhesive fiducials, which can be detected

in the images, so that their position in virtual and real physi-

cal space can be correlated to define the registration coor-

dinate system. Automatic registration setups, allowing an

user-independent registration of patient space and image

space, try to reduce the user dependent errors [28].

Our concept of automatic registration is based on a regis-

tration matrix containing markers at predefined positions

which are visible during the imaging process. Combining

the information where the registration matrix is in relation to

the reference array and how the detected markers in the

images relate to the actual markers of the registration matrix

allows calculating a transformation matrix, so that then the

relation between image space and physical/surgical space is

defined and navigation can be used. An additional skin fidu-

cial that is not used for the registration process is localized

after patient registration to document a target registration

error, which is typically in the range between 0.3 and

2.5 mm. Phantom studies resulted in median localization

errors between 0.88 and 2.13 mm for the automatic registra-

tion approach, which was at least not worse, in most test series

even significantly better, than that of the standard registration

no matter whether 4 or 7 fiducial markers were used [28].

Integration of Multimodal Data

It is absolutely mandatory to combine the goal of maximum

resection with the goal of preservation of function. Intra-

operative imaging helps on one side to maximize the extent

of resection, but on the other side it also allows in combina-

tion with functional multimodal navigation a minimization

of postoperative neurological deficits [13, 29]. With the

advances in surgical techniques and perioperative technolo-

gy, it is now possible to maximally resect malignant intrinsic

glial neoplasms, even close to functionally critical areas,

with minimally increased morbidity. Recent studies have

demonstrated a survival advantage of these lesions with a

resection extent of 98% or greater, particularly in younger

patients with good Karnofsky scores [30].

Functional navigation, i.e. integrating functional data into

anatomical navigational datasets, is an important add-on to

intraoperative MRI since it prevents too extensive resec-

tions, which would otherwise result in new neurological

deficits. Meanwhile, data from MEG and fMRI can be rou-

tinely integrated in functional navigation allowing identifi-

cation of eloquent brain areas such as the motor area and

speech related areas [10, 12].

In a retrospective study we analyzed how the decision

for glioma resection was influenced by MEG [9]. In a time

period of 5 consecutive years we had investigated every

patient proposed for surgery, harbouring a lesion adjacent

to eloquent brain areas. Altogether 191 patients were exam-

ined, 119 of them with supratentorial gliomas. About every

forth patient (26.8%) yielded a severe possible danger of

postoperative neurological morbidity according to MEG and

thus was not considered being a good candidate for surgery.

This corresponds well to other published data where 12 out

of 40 investigated patients (30%) with tumours and vascular

malformations underwent non-surgical therapy according to

the MEG findings [31]. When functional data were used

in combination with frameless stereotactic devices the post-

operative morbidity was as low as 2.3%. Overall morbidity

however was 6.8%. These data reflect the beneficial effects

of functional navigation in comparison to data of other

studies with morbidity rates varying from 6 to 31.7%

[32 36]. These data can also be interpreted as a result of a

more careful patient selection through the help of advanced

preoperative brain mapping. Preoperative identification of

eloquent brain areas has an impact in the risk evaluation

in glioma surgery, as well as functional navigation reduces

the risk for postoperative neurological deficits. Besides

identification of the motor strip, the localisation of language

areas is of great clinical impact [37, 38].

Functional data from MEG and fMRI only localize func-

tional areas at the brain surface. However, neurological

deficits can also be caused during tumor resection by dam-

aging of deeper structures, such as major white matter tracts.
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Diffusion tensor imaging (DTI) can be used not only to

delineate tumor borders, but also to display the course of

major white matter tracts, such as the pyramidal tract. The

knowledge of the course of these tracts in relationship to a

tumor helps to reduce or even prevent new postoperative

neurological deficits [39, 40]. The registration of diffusion

data with the navigational data [16, 41, 42] facilitates

the intraoperative preservation of these eloquent structures.

A prerequisite is that intraoperative changes of the brain

anatomy, known as brain shift, are taken into account. In

contrast to the use of fMRI and MEG, brain shift clinically

impacts the DTI data to a much more relevant extent, because

the intraoperative shifting of cortical areas during surgery can

be well detected by direct observation with the operating

microscope, however changes in the depth of a resection

cavity, close to major white matter tracts, is nearly undetect-

able for the neurosurgeon during tumor resection. Intraopera-

tive DTI is a convenient possibility to visualize this shifting

during tumor resection [15, 43]. As a consequence of brain

shift preoperative functional data are no longer valid during

the course of tumor removal, so navigation can no longer

relied on, if this shifting is not compensated for. Therefore,

it is necessary that not only intraoperative anatomical data are

used to compensate for the effects of brain shift but also

functional data have to be updated. Intraoperative acquisition

of DTI data enables intraoperative fiber tracking to visualize

how a tumor remnant is localized in relation to major white

matter tracts [15, 43]. Even intraoperative fMRI applying

electrical stimulation of median and tibial nerves as a passive

stimulation paradigm is possible and enables identification of

the somatosensory cortex [44].

Besides functional and structural data further information

is available for a multimodal navigation setup. PET, MRS,

and diffusion weighted imaging may provide information on

the diffuse tumor border. Integration of metabolic maps into

the neuronavigation datasets enables a spatial correlation of

metabolic data and histopathological findings [19, 45].

Whether these techniques can also be used intraoperatively,

so that these data can also be updated, is under investiga-

tion. Furthermore, upcoming techniques such as MR-based

molecular imaging may find its role in the intraoperative

imaging armamentarium.

Navigation Updating by Intraoperative
Image Data

Tumor removal, brain swelling, the use of brain retractors,

and cerebrospinal-fluid drainage all result in intraoperative

brain deformation, which is known as brain shift [24, 46].

Thus, in navigation systems relying on preoperative image

data only the accuracy decreases with the course of surgery.

Intraoperative imaging offers a possibility to compensate for

the effects of brain shift, because it provides a virtual repro-

duction of the actual intraoperative physical reality, both in

regard of brain deformation and on the actual extent of tumor

removal [24, 47 49]. Updating of the navigation by intra-

operative registration of the intraoperative image data had

been a cumbersome process in the initial low-field MRI

systems. Bone fiducial markers, which had to be placed

around the craniotomy, were hardly detectable in the intra-

operative images, as well as the whole update procedure was

a quite time-consuming process [48, 49]. This mainly

explains why only in 16 out of 330 patients investigated

with low-field MRI an actual navigation update was per-

formed, despite intraoperative imaging had detected tumor

remnants e.g. in the gliomas that could undergo further

resection in about 26% [48, 50].

Integrating high-field MRI and microscope-based navi-

gation allowed facilitating this intraoperative update proce-

dure clearly [5]. One possibility for intraoperative image

registration is to apply the automatic registration matrix by

attaching it to the upper part of the head coil, like it is done

for the initial patient registration process with preoperative

image data [28]. Alternatively navigation updating is also

possible without repeated patient registration. This approach

is based on a rigid registration of the intraoperative image

data with the preoperative image data, subsequent segmen-

tation of the tumor remnant, and final restoring of the initial

patient registration. Thus, the registration coordinate system

of the preoperative image data is applied on the intraopera-

tive images, serving as an immediate intraoperative image

update. Updated image data allow a reliable identification

of a tumor remnant or correction of a catheter position.

Microscope-based image injection with the direct visualiza-

tion of the segmented tumor remnant in the surgical field

plays a crucial role in the precise localization and orienta-

tion in the resection cavity. Histological analysis of the

extended resections proved pathological tissue in all cases;

there were no false positive findings. This is also mainly

due to the fact that only areas of reliably identified tumor

remnants were segmented and used for updating. The side-

by-side analysis of pre- and intraoperative images greatly

facilitates image interpretation and excludes misinterpreta-

tions due to surgically induced changes at the resection

border. Repeated landmark checks have proved that the

rigid registration approach is a reliable approach to update

the navigation system without a repeated patient registra-

tion. The rigid registration algorithm is robust enough to

accomplish a registration that is not sensitive to the effects

of brain shift and the actual reduction of the tumor mass.

This could be shown by analyzing the registration accuracy

of structures that are not affected by brain shift. An exten-

sive analysis comparing the automatic registration, which is
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used to register pre- and intraoperative images, with an

independent reference registration showed, that the registra-

tion error is below 2 mm even in a worst case scenario [51].

Nevertheless, to prevent a mis-registration a visual control

after rigid registration of pre- and intraoperative images is

mandatory. Figures 1 3 depict an illustrative example of

Fig. 1 22 years old male patient

with a left sided parietal pilocytic

astrocytoma, (a) preoperative
image depicting the large cystic

component, (b) intraoperative
imaging after completion of

tumor resection depicting

complete tumor removal (both:

contrast enhanced T1 weighted

images)

Fig. 2 Same patient as in Fig. 1; an update with intraoperative images was performed twice a/b depict the first intraoperative update with a

co registered display of pre and first intraoperative (iop1) images, while the tumor remnant was segmented in the iop1 images (b) and also

displayed in the preoperative images (a) visualizing the distinct shift; c/d depict the second update after further tumor resection and repeated

imaging, co registered are first and second intraoperative imaging (iop2), the tumor remnant was segmented in the iop2 images (d) and also

visualized in the iop1 images (c) (all images T2 weighted axial scans displayed with the navigation software, white arrows depict the segmented

tumor remnants)
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repeated intraoperative updating during resection of a pilo-

cytic astrocytoma.

Updating the navigation system with intraoperative high-

field MR image data at the moment seems to be the most

reliable method to compensate for the effects of brain shift.

In contrast to previous setups this framework is also open to

update multimodal information. Functional data, such as

fMRI or DTI data can also be acquired intraoperatively

and directly used for intraoperative updating, which in the

clinical routine might be a time-consuming effort, especially

when in case of e.g. visualization of speech connecting fiber

tracts some sophisticated time-consuming non-standard

tracking algorithms have to be applied.

Alternatively non-linear registration techniques or sophis-

ticated techniques from pattern recognition analysis may

allow a matching of preoperative MR data sets containing

functional information with intraoperative MR image

volumes [52, 53]. This might also be an approach in cases

where intraoperative MRI is not available, but other imaging

modalities provide intraoperative 3-D information about

the brain configuration, so that high-resolution multi-modality

data can be registered non-linearly onto the ‘‘low-quality’’

intraoperative data. Such an alternative to intraoperative MRI

might be intraoperative ultrasound, especially intraoperative

3-D ultrasound [54 56]. Whether the image quality to evalu-

ate the extent of a glioma resection is really equivalent among

the different imaging modalities is still discussed controver-

sially. Mathematical models describing the deformation of the

brain during surgery might help in the process of deforming

preoperative image data [57 61]. However, it is important

that some sparse data describing the actual intraoperative 3-D

situation serve as input for the mathematical models, so that

they are able to adjust high-quality preoperative data to repre-

sent the intraoperative reality [59, 61 63]. If such a workflow

is established intraoperative high-field MRI with anatomical

and functional imaging possibilities would be the ideal tool to

validate and refine these models.

Conclusion

Intraoperative high-field MRI in combination and close inte-

gration with microscope-based navigation serving as a com-

mon interface for the presentation of multimodal data in the

surgical field seems to be one of the most promising surgical

setups allowing avoiding unwanted tumor remnants while

preserving neurological function. Multimodal navigation

Fig. 3 Same patient as in Figs. 1 and 2 depicting the course of resection in two slice positions that were identical in all 4 imaging sessions (pre: a/f,
iop1: b/f, iop2: c/g, iop3 d/h, all images axial T2 weighted, slice thickness 3 mm, difference between slice positions row a d to row e h: 9 mm),

note the different portions of brain shift first after opening the large tumor cysts (difference a/e to b/f) and additionally after first updating

collapsing of the left frontal ventricular horn (f to g)
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integrates standard anatomical, structural, functional, and

metabolic data. Navigation achieves visualizing the initial

extent of a lesion with the concomitant identification of

neighboring eloquent brain structures, as well as, providing

a tool for a direct correlation of histology and multimodal

data. With the help of intraoperative imaging navigation

data can be updated, so that brain shift can be compensated

for and initially missed tumor remnants can be localized

reliably.
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Multimodality Imaging Suite: Neo-Futuristic Diagnostic Imaging
Operating Suite Marks a Significant Milestone for Innovation
in Medical Technology

Mitsunori Matsumae, Jun Koizumi, Atsushi Tsugu, Go Inoue, Jun Nishiyama, Michitsura Yoshiyama,
Jiro Tominaga, and Hideki Atsumi

Abstract In February 2006, Tokai University Hospital offi-

cially opened the imaging operation suite, which is the first

hybrid neurosurgical procedure suite to combine magnetic

resonance imaging, computed tomography and angiography

with a neurosurgical operating room. Here, we describe the

concept of the imaging operation suite and the first 4 years’

experience using this suite.

Keywords Imaging operation room � Interventional procedure �
Intraoperative MRI � MRI

Introduction

The use of magnetic resonance imaging (MRI) in diagnostic

radiology has made great strides over the last 20 years. In

many hospitals, MRI is no longer used exclusively for diag-

nostic imaging. It also plays a crucial role during therapy and

interventional procedures, and has now been introduced into

an operating suite. At the Tokai University Hospital, Kana-

gawa Japan, seamless integration of MRI and X-ray imaging

with a high-end operating table has been accomplished in a

futuristic and highly efficient approach to image-guided

surgery [1, 2].

Method

The new facility is equipped with ideally-positioned radio-

logical equipment (computed tomography (CT), MRI, and

angiography) combined with a fully-functional operating

room. Physically, the MRI, CT, and combined operating

theater with X-ray angiography components have been

installed in three separate bays (Fig. 1), separated by a

sliding door lined with lead and copper shielding for X-ray

and MR, respectively When the door is closed, each room

may be used independently, enabling unsurpassed flexibility

and economic efficiency.

For procedures that combine use of MRI and angiogra-

phy, the angiography table can be rotated in the direction of

the MRI room. The connecting bridge is then placed

between the MRI table and the angiography table. The

tabletop can then be moved in both directions.

For procedures that combine CT and angiography, the

angiography table can be rotated in the direction of the CT

room. Then, the CT table and angiography table are joined

directly, and the tabletop can be moved in both directions.

During imaging, the shielding door must be closed to elimi-

nate imaging artifacts.

For procedures that combine surgery and MRI, the

operating table can be placed in the direction of the MRI

room, and surgery can be performed normally in that posi-

tion. Intraoperative imaging can be performed at any time,

provided that the usual precautions are taken to ensure

sterility. When a surgeon calls for mixed modality imaging,

the tabletop carrying the patient can be slid in-line through

the open door between the two rooms of the suite, allowing

reproducible imaging with minimal patient movement and

time delay, while the most appropriate modality can be

selected at any particular moment during any procedure

(Figs. 2 and 3).

The center room is equipped with an operating room-

grade, clean air-conditioning system, operating lights, medi-

cal gas outlets, and an in-hospital information system; this

enables various surgical procedures, including craniotomy,

to be undertaken. The adjacent CT and MRI rooms are also

equipped with medical gas outlets, an OR-grade, clean air-

conditioning system, and operating lights, etc., for the safe

transfer of an anesthetized patient to the CT or MRI for

diagnosis.
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All ferromagnetic instruments are removed from the sur-

gical field, and the wound is covered with a sterile

drape. The patient can, in fact, be moved into and out of

the scanner in some 10 20 s, but due account must be taken

of the time needed to remove the non-MRI compatible

instruments and to adjust the surgical drapes. The results of

the imaging can determine the surgical approach by showing

the presence of any residual tumor that can be safely

removed, often in areas that cannot be directly observed by

the surgeon. After the intraoperative imaging, the patient is

returned to the primary surgical position, and resection

continues.

Results

One or two cases of neurosurgery and two cases of radio-

logical intervention are currently performed per week. In

addition, routine diagnosis of a variety of diseases is done

when this suite is not being used for interventional proce-

dures. An average of 40 diagnostic CT cases, 16 diagnostic

MRI cases, and one angiography case are performed each

day using these facilities, both day and night, and also on

weekends.

The indications for using this suite for neurosurgical

procedures include any type of supratentorial or infraten-

Fig. 2 View from the CT

through the angiography with

operating room to the MRI

scanner of the imaging operating

suite at Tokai University Hospital

Fig. 1 Schematic diagram of Tokai University’s imaging operating suite. Left: MR scanner, center: angiography equipment combined with

operating room, right: CT scanner. Electric sliding doors enable either combined or single use of the separate areas
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torial glioma, and pituitary adenomas that extend superiorly

and laterally. MRI scans have been taken an average of

1.2 times per procedure, with a maximum of 5 MR imaging

sessions per surgical procedure. Most MRI scans were per-

formed in the final stage of the surgical procedure to identify

small residual tumor. The choice of MRI scan sequence

depends on the type of tumor.

For interventional radiology procedures, this suite is used

for the treatment of stroke, intra-abdominal tumors, and any

vascular occlusive diseases. For example, in patients with

uterine cervical cancer, chemoinfusion therapy via bilateral

internal iliac arteries is performed. To increase drug concen-

tration in the cancer and decrease the infusion of drug into

the extrapelvic organs, balloon-occluded arterial infusion

therapy is routinely attempted. However, the actual perfu-

sion depends on each patient’s anatomy, though angiogra-

phy does not adequately demonstrate it. The comparison of

direct perfusion images during arterial infusion of contrast

media with and without balloon-occlusion is helpful to

obtain the optimal distribution of anticancer drugs. For

patients with portal hypertension or splenomegaly, partial

splenic embolization is often performed. Before partial

splenic embolization, the gastric or pancreatic branches

from the splenic artery should be excluded from the emboli-

zation, and CT during splenic arteriography helps discrimi-

nate these branches. Because excessive embolization of the

splenic artery may induce abscess formation, 60 75% of

embolization is thought to be optimal. However, the evalua-

tion of necrotic volume is not easy on angiography or even

CT, because congestion of contrast media during emboliza-

tion disturbs the images. MRI is useful to demonstrate the

ischemic foci immediately after the procedure on blood oxygen

level-dependent images without any contrast media. Several

other indications, such as the evaluation of laser ablation,

percutaneous biopsy, abscess drainage, etc., should be in-

cluded for this state-of-art this system in the future.

Discussion

The present imaging operating suite represents the state

of the art in the respective imaging modalities. Together

they offer exciting opportunities to explore new fields of

interactive and interventional imaging. In the field of intra-

operative MRI, in 1993 Brigham and Women’s Hospital

introduced the world’s first intraoperative MRI system, the

so-called double doughnut [3]. At Brigham and Women’s

Hospital, they brought MRI into the operating theater. In the

German city of Erlangen, there is a unique intraoperative

MRI system, the so-called ‘‘twin operating theater’’, in

which an independent MRI scanner and surgical unit are

housed in two separate rooms [4]. There are several intrao-

perative MRI systems currently available in the world, in

which the MRI machine is placed in the operating room

[5, 6], the MRI machine is placed next to the operating

room [2], a small MRI machine is installed under the

operating table [7 9], or a mobile MRI scanner is moved

into the operating room [10]. With respect to the MRI

scanners, there are MRI scanners specially designed for

intraoperative MR scanning [3, 7 9], and some are routine

diagnostic MRI scanners modified for use as intraoperative

MRI scanners [2, 5]; the MR scanner field strength started

low and became relatively high, now reaching 3 T [11].

In the present imaging operating suite, special attention

has been given to economic issues. Our key phrase is

Fig. 3 Interventional radiologist

brings his patient into the MR

scanner from the angiography bay
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‘‘sharing imaging equipment’’. The center room is the core

of the suite; it contains angiographic equipment within a

fully functional operating room. The tabletop enables both

imaging and surgical procedures. The most significant fea-

ture of this system is the ease of patient transfer between

imaging during treatment, e.g., from angiographic examina-

tion to MRI or CT without changing beds. The patient can be

transferred easily from the operating table to the MRI, and

back to imaging once again. Patient transfer during treat-

ment is performed with the utmost care under the direction

of a specially trained safety supervisor.

Each of the imaging modalities is capable of performing

diagnostic examinations; however, once treatment (for exam-

ple, surgery) commences in the operating room located

in the center of the suite, imaging is easily performed as

required to provide intraoperative information using high-

performance diagnostic equipment.

Neurosurgical procedures aim to accomplish safe treat-

ment with high precision in a short period of time. Here, the

key that governs the progress of the operation is the intra-

operative identification of the extent of preoperative planning

achieved at a given time. We consider that this suite enables

precise patient treatment within a shorter time period than

previously possible because the progress of the operation can

now be identified using intraoperative imaging as required. In

practical terms, the system facilitates intraoperative patient

transfer from the treatment room to the MRI examination

room for verification of the patient’s condition and the degree

of procedural progress before returning to the treatment room

and return transfer to the examination room for final verifica-

tion before the operation is completed; surgery proceeds more

smoothly and safely than previously possible.

Operating rooms equipped with a CT scanner, MRI, or

angiographic equipment have been developed previously;

however, this newly-built imaging operating suite at Tokai

University Hospital is a more evolved, integrated system of

radiological diagnosis/treatment and surgery that represents

a ‘‘neo-futuristic diagnostic imaging operating suite’’. Tokai

University Hospital will endeavor to enhance the efficacy of

treatment by actively using this imaging operating suite.

This multimodality imaging intervention suite was deve-

loped successfully and is another milestone for innovation

in medical technology, which reflects the flexible attitude of

our hospital with respect to the needs of all kinds of patients.

This imaging operating suite is not currently used to

perform intra-operative angiography. However, it is likely

that there will be a need to perform intraoperative angio-

graphy (e.g., balloon-assisted aneurysm clipping, identifica-

tion of perfusion during removal of an arterio-venous

malformation nidus) using this suite in the near future. The

intraoperative functional techniques that have so far been

used for surgical decision-making with this imaging

operating suite have been MR spectroscopy, functional

MRI, MR angiography and venography, and chemical shift

imaging. We are planning to introduce thermoablation ther-

apy for removal of brain tumors under the guidance of MR

temperature mapping. Moreover, we are exploring the pos-

sibility of applying this imaging operating suite to other

fields, such as otorhinology and orthopedics. There are

many possibilities for this unique interventional suite in

various medical fields.
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Improving Patient Safety in the Intra-operative MRI Suite Using
an On-Duty Safety Nurse, Safety Manual and Checklist

Mitsunori Matsumae, Yasuhiro Nakajima, Eiji Morikawa, Jun Nishiyama, Hideki Atsumi, Jiro Tominaga,
Atsushi Tsugu, and Isao Kenmochi

Abstract This paper describes the use of an on-duty safety

nurse, a surgical safety manual and a checklist as an essential

precursor to evaluating how these approaches affect surgical

quality, communication in surgery crews and contribute to

the safety of surgical care in the intra-operative magnetic

resonance imaging (MRI) suite.

Keywords Checklist � Intra-operative magnetic resonance

imaging � Manual � On-duty safety nurse � Surgical safety

Introduction

The use of intra-operative imaging is gradually increasing in

the field of neurosurgery. In February 2006, our hospital

officially opened the Magnetic Resonance/X-ray/Operation

Suite (MRXO) which is a novel surgical suite that includes

an interventional radiology system for intra-operative MRI.

This imaging operation suite represents a major advance in

the field of neurosurgery, and will facilitate the development

of many new clinical techniques. The details of this imaging

operation suite were reported previously [1, 2].

We introduced an on-duty safety nurse, a surgical safety

manual and a checklist in this imaging operation suite. There

are several reasons for introducing this safety system into

this imaging operation suite. During interventional proce-

dure specially designed for the intra-operative MRI, the

surgical crew must pay special attention to both surgical

and MRI safety. Intra-operative MRI is not a routine surgical

procedure, and the surgical crew is not as accustomed to this

kind of special procedure. There are many steps required to

take an MR image during surgery. Additionally, teamwork

in the intra-operative MRI suite is an important component

of operation room efficiency, quality of surgical care, and

patient safety. For this reason, the surgical safety manual and

checklist and the on-duty safety nurse are needed to manage

concerns or ambiguities related to procedures, promote team

building, and keep the surgical workflow smooth.

Materials and Methods

On-Duty Safety Nurse

The aim of the on-duty safety nurse is to focus only on safety

issues. The on-duty safety nurse functions independently

from nurses involved in the surgical procedure, and behaves

as a third person in the imaging operation room. During

preparation for the intra-operative MRI, the on-duty safety

nurse reads aloud a surgical safety manual and checklist

(Fig. 1). The on-duty safety nurse is requested to speak up

and provide clear instructions during the surgery. The surgi-

cal safety checklist is read aloud by the on-duty safety nurse

and requires oral confirmation by all other crew in the intra-

operative suite. All crew in the operation room, including the

surgeon, anesthesiologist, scrub and circulation nurses, and

radiology technician, are required to follow the on-duty

safety nurse’s instructions.

Surgical Safety Manual

The surgical safety manual defines six phases of the surgery:

preoperative inspection (42 items), before skin incision

(16 items), preparation for the intra-operative MRI (75

items), after taking the intra-operative MRI (53 items),
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after the operation (20 items), and non-normal (emergency)

condition (32 items). The surgical safety manual and check-

list identifies each phase corresponding to a specific period

in the workflow of the intra-operative MRI. In each phase,

the surgical safety manual and checklist help surgical crews

confirm that the critical safety steps are completed before

proceeding with the operation and other activities.

The phase of preoperative inspection includes: confirma-

tion of the conditions of all surgical and imaging facilities,

identification of the surgical procedure, verification of the

patient’s name, and introduction of the crew to each other.

The phase of before skin incision includes: a clearance

check for the MRI bore (Fig. 2), and verification of whether

the right procedure is being performed on the right patient at

the right head site.

The preparation for the intra-operative MRI phase has

many points. For intra-operative MRI, surgery can be per-

formed in the usual fashion with usual surgical instruments

(not MRI compatible). Intra-operative imaging can be per-

formed at any time. Once the surgeon wants to take the intra-

operative MRI, the on-duty safety nurse takes control of the

procedure. The on-duty safety nurse instructs the surgeons and

scrub nurse to remove all ferromagnetic instruments from the

surgical field, and the surgical wound is covered with a sterile

drape while the tabletop is placed in a flat position. The

circulation nurse places the patient transfer system between

the operating table and the MRI table on the order of the

on-duty safety nurse. Once the on-duty safety nurse checks

the patient’s transfer system, the locking system that unlocks

the tabletop from the operation table base can be released.

After the safety checklist is completed, the on-duty safety

nurse allows the patient to be moved into the MRI scanner.

The phase of after taking intra-operative MRI includes:

replacing the patient transfer system between the MRI table

and operation table; the on-duty safety nurse repeats the

patient moving step in reverse order of the phase of prepa-

ration for the intra-operative MRI process.
The phase of after surgery includes: confirming the

patient’s vital signs and verifying the type of procedure,

Fig. 1 The safety checklist is orally implemented by the on duty safety

nurse with oral confirmation by other crew members. The on duty

safety nurse improves team communication and enables smooth work

flow during surgery

Fig. 2 After the patient position

is set, and the head is secured and

fixed, both the neurosurgeon and

on duty safety nurse check the

clearance between the patient’s

body and the MRI bore to avoid a

collision. The on duty safety

nurse is applying the dummyMRI

bore above the patient. The

surgeon makes sure the patient

position allows an approach into

the MRI bore before starting the

operation
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specimen labels, instrument counts, and liaison points from

operation room to intensive care unit.

Non-normal events may include: emergency stop of the

MRI, emergency opening of the shielded door, alerts from the

oxygenmonitor and vital sign checks, handling problems with

the patient transfer system, shielded door, or the operation

table, and handling the emergency communication system.

Surgical Safety Check List

At each workflow key point, the surgical safety checklist

provides specific checkpoints to be verified by the surgical

on-duty safety nurse. The specific checkpoints in the work-

flow are: phase of preoperative inspection (4 points), before

skin incision (4 points), preparation for the intra-operative

MRI (10 points) (Table 1), after taking intra-operative MRI

(6 points), after surgery concluded (4 points), and non-

normal (4 points).

Results

In the present series of patients, there was no incident or

accident during patient transport or intra-operative imaging

in the 3 years since the intra-operative imaging operation

suite opened. The time required for the phase of preparation

for the intra-operative MRI process was an average of

22 min, and the phase of after taking intra-operative image

was 12 min on average. The intra-operative MRI required an

average of 13 min. The total extra time required for com-

pleting the safety manual and intra-operative MRI averaged

47 min. There has been some minor modification of the

surgical safety manual in the last 3 years. It was noted that

the learning curve over the past 3 years showed that the time

required for the safety protocol has gradually shortened by

about 8 min. There were no significant differences in time

required for the safety protocol and in the workflow pattern

for each on-duty safety nurse.

The on-duty safety nurse behaved as a sophisticated crew

leader, and maintained workflow during the surgery. The

surgical safety manual eradicated ambiguous working pro-

cesses for intra-operative MRI. We successfully developed

good communication and a well organized intra-operative

MRI crew using this safety tool.

Discussion

Neurosurgical care has seen rapidly increasing technology

advances worldwide for more than a century, including the

introduction of a navigation system and an imaging operation

system. Today, we can easily introduce new technology into

our operation room. However, introducing a new technology

may drive a patient into an unsteady condition. To prevent

this situation, we needed a new tool which works well in the

field of patient safety, especially surgical safety.

Not only surgeons, but all humans are fallible; therefore,

relying solely on memory to carry out all tasks may cause

people to commit errors that could result in adverse events

[3]. There are many causes for human errors, including

several psychological factors such as anxiety, ambiguous-

ness, impatience, fear, interruptions, and time stress [4, 5].

These psychological factors should be eliminated in all crew

members in the operation room. Teamwork in the operation

room is an important component of operation room effi-

ciency, and the quality of surgical care and patient safety is

generally emphasized [6, 7]. Careless and inadvertent mis-

takes usually occur in routine workflow. It is important to

verbalize instructions using simple and standardized words,

especially when the speaker and listener are physically

separated [8, 9]. Surgical crews require explicit communica-

tion with each other, and should understand the role of

standardization in effective team functioning as it relates to

policies and procedures [9]. The scientific literature indi-

cates that adverse events can be avoided if proper tools are

available in working environments [9]. Process manuals and

checklists are some of the tools that have been successful in

other high-risk industries, such as airline cockpits and nuclear

power plants, as well as in the medical field [10, 11].

In 2008, the World Health Organization launched a new

safety checklist for surgical teams to use in operating theatres

as part of a major drive to make surgery safer around the world

[12]. This safety checklist worked 19 points into a simple one-

page checklist developed in consultation with international

Table 1 Elements of the surgical safety checklist

Checklist for preparation to the intraoperative MRI

Check points Response Responder

All ferromagnetic materials

removed from the operation

table

Removed CN

Surgical instruments count Completed SN

Bed position Flat CN

MRI bore clearance Clear NS

Surgical field covered by

sterilized cap

Covered NS

Shielded door open Opened RT

Patient transfer system Clear RT

Anyone dose not have any

ferromagnetic materials

Clear All crew

Vital signs check Normal AN

Safety lock Unlocked CN

Check list completed Cleared for transfer SON

CN circulaqtion nurse, SN scrub nurse, NS neurosurgeon, RT radiation

technician, AN anesthesiologist, SON safety on duty nurse
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experts in surgery, anesthesiology, nursing and patient safety,

and divides surgical procedures into three phases. This surgi-

cal safety checklist was used in eight hospitals in eight cities

around the world for 1 year. The results of this study showed

that a checklist-based program was associated with a signifi-

cant decline in the rate of complications and death from

surgery in a diverse group of institutions around the world

[13]. In each region and country, institutions can modify this

list to fit each type of surgical procedure. Our intra-operative

MRI team introduced a surgical safety checklist in our imag-

ing operation suite. Our safety surgical checklist has many

checkpoints when compared with that of the World Health

Organization, but the concept and aim are similar. In the 3

years since the opening of our imaging operation suite, we

have not had an incident or accident related to items in the

surgical safety manual and checklist.

While intra-operative MRI is a relatively new technique,

its use has gradually increased in the neurosurgical field over

the past 15 years [14], even though it requires extra opera-

tion time to perform MRI. When introducing this kind of

new imaging technique into surgery, there are many process-

es needed to keep the workflow smooth. This is the reason

we introduced the on-duty safety nurse and the surgical

safety manual into our imaging operation room. Our on-

duty safety nurse plays a very powerful role as a third

person. The surgical safety manual is implemented by the

on-duty safety nurse step by step, and the surgical safety

checklist is called by the on-duty safety nurse at key points

in the process. The surgical safety manual provides a defined

set of steps to remove ambiguities in work processes. These

new approaches lead to sustainable team building, provide

education for new surgical crew staff, and keep the imaging

surgical procedure workflow smooth.
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Operating Room Integration and Telehealth

Richard D. Bucholz, Keith A. Laycock, and Leslie McDurmont

Abstract The increasing use of advanced automated and

computer-controlled systems and devices in surgical proce-

dures has resulted in problems arising from the crowding

of the operating room with equipment and the incompatible

control and communication standards associated with each

system. This lack of compatibility between systems and

centralized control means that the surgeon is frequently

required to interact with multiple computer interfaces in

order to obtain updates and exert control over the various

devices at his disposal. To reduce this complexity and pro-

vide the surgeon with more complete and precise control of

the operating room systems, a unified interface and commu-

nication network has been developed. In addition to improv-

ing efficiency, this network also allows the surgeon to grant

remote access to consultants and observers at other institu-

tions, enabling experts to participate in the procedure with-

out having to travel to the site.

Keywords Integration � Interface � Remote access � Surgical
communication network � SurgON

Introduction

In recent decades, the introduction of computer-based imag-

ing and navigation systems has revolutionized many aspects

of neurosurgery, resulting in improved precision and control

and enhanced ability to make adjustments to the surgical

plan during the course of a procedure.

A representative neurosurgical procedure that benefits

from these advances is the placement of a deep brain electrode

to help control a movement disorder such as Parkinson’s

disease. In such cases, the location of the electrode is dictated

by the patient anatomy and data from intraoperative recording

of brain activity using microelectrodes. Once the device

has been placed, its position must then be confirmed by

recordings from the electrode and intraoperative imaging.

The first step in planning such a procedure is to obtain

image data of the target in order to determine its exact

location. Using scan data acquired in multiple planes, a

virtual 3D model of the patient’s neuroanatomy can be

constructed using a computer navigation system such as

the Medtronic StealthStation, allowing the optimum path to

the target to be determined.

Before surgery begins, the 3D space of the navigation

system is registered with the patient anatomy to ensure

precise localization of the target and surgical instruments.

The surgical procedure then commences with the insertion

of the electrode into the skull, followed by its advancement

to the target under guidance from the navigation system.

Though the preoperative planning ensures accurate position-

ing of the electrode with respect to the target, it is necessary

to fine-tune the position of the electrode by reference to

electrophysiological recordings acquired during the proce-

dure itself. Once the optimum position is determined, the

recording microelectrode is withdrawn and replaced with the

stimulation electrode, whose position is then verified with

further imaging.

A neurosurgical procedure of this type thus involves

(at least) six distinct steps:

• Imaging

• Planning

• Navigation

• Recording

• Therapy (the stimulation electrode)

• Confirmation by imaging

Each of these steps involved a computer, networking and

clinician interaction. However, current operating rooms are

poorly designed to support such complex procedures, while
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personnel and economic constraints further interfere with

optimal performance.

An obvious problem is that the various systems and

devices in the operating room (OR) are developed and man-

ufactured by unrelated companies and are not designed to

interact efficiently. On the personnel front, the perennial

shortage of trained staff has been exacerbated in recent

years by economic considerations. OR staff must be able to

support a variety of cases staff specialization in one partic-

ular field of surgery is not practical at many hospitals and

this requires appropriate levels of training and experience.

Unfortunately, having acquired the requisite experience,

they tend to seek more attractive appointments, resulting in

constant turnover. Likewise, experienced neurophysiologists

are also hard to find and may have to be brought in from

other institutions to assist with certain cases, often at signifi-

cant cost.

Just as the OR staff must be able to support various types

of procedures, so the ORs themselves are expected to be

able to accommodate any kind of case. Few hospitals can

dedicate ORs to a single purpose; an open-heart procedure

may follow a craniotomy case in the very same OR. Need-

less to say, with such a bewildering variety of procedures

being performed in rapid succession in a given location,

often involving many of the same support staff, a significant

proportion of medical errors occur in the OR.

Despite the variety of procedures which may be sched-

uled for a given OR, there are certain requirements common

to all surgical interventions:

• Shielding (against microbial contamination and to protect

information)

• Documentation (in the form of audio, video and still

image records)

• Life support

• Visualization

• Therapeutics

• Plasticity

Devices and systems that are required for most surgical

procedures can be left in place in the OR, but when addi-

tional equipment is introduced for particular procedures, this

can result in crowding and obstruction of the OR staff.

Furthermore, the various incompatible systems require the

surgeon and his team to monitor and interact with multiple

control interfaces and displays, impairing their efficiency

and increasing the risk of unforeseen complications. Conse-

quently, there is intense pressure to integrate devices, both to

reduce the number of visualization and control displays and

to permit more effective control [1].

As it is, the plasticity required of a modern OR places

tremendous stress on the system. Complex devices must be

easy to move, capable of instant integration with the systems

already in use in the OR, robust and fault-tolerant, and easily

dissociated for use elsewhere. Integration of a device within

a given procedure requires interactions between devices in

terms of control, data (video, audio) and automation (with

respect to positional information). Furthermore, the afore-

mentioned turnover in OR personnel dictates that control

interfaces must be relatively simple. To facilitate this, a

standard for communication is clearly required [2].

The rise of a similar problem in the field of radiology

resulted in the development of the DICOM standard. This

allowed hospitals to connect multiple different diagnostic

and treatment devices and have them interact and share

information. Unfortunately, the standard is constantly evol-

ving, with various add-on specialties (such as dosimetry and

image guidance) having being introduced after the initial

standards had been established. Furthermore, it has been

discovered that many devices theoretically capable of

being integrated through DICOM actually communicate

in different ‘‘dialects’’, thus impairing the reliability and

practicality of communication.

Nevertheless, despite these limitations, it is time to intro-

duce a similar standard for communication between and

control of surgical devices. Such a system would greatly

relieve the technological chaos that currently prevails in

the OR, and if properly designed would be able to satisfy

the needs of all users, regardless of their particular surgical

specialty. The result would be less expensive, more efficient,

and higher quality medical care.

An Integrated Surgical Communication
Network: SurgON

Our group has developed a prototype of an integrated surgi-

cal communication network as outlined above in the form of

SurgON (SURGical Operative Network) [3]. In this system,

each device acts as a web server, storing the web pages that

serve as control panels for that particular device. These web

pages are used locally to control the devices, each of which

has an Ethernet port. An IP address is assigned upon attach-

ing a device to the SurgON local area network (LAN), and

the appropriate web page is transmitted as requested. The

surgeon’s controller allows secure routing of data and con-

trol streams via a firewall to the hospital and beyond.

For such an approach to be effective, several design

objectives must be met. First, each device must be assured

of a specific bandwidth, and every type of surgical device

must be controllable locally, even in the event of complete

network failure. It is also desirable that devices can be con-

nected and removed with instant recognition, while data

streams can be shared over the Internet using a graphic

user interface.
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With respect to the control of devices, three classes of

control have been identified:

• Simple control (request-based control and telemetry)

• Compound control (synchronized control and telemetry;

shareable bidirectional datastreams)

• Complex control (synchronized control and feedback to

multiple users; automated interaction with other devices)

When a device to be controlled is plugged in, it becomes

available on the OR network through its web page. Alterna-

tively, radio frequency shielding in the OR will allow a

wireless device to be recognized as it is brought into the

shielded room. The web control page is transmitted to con-

trol devices when selected, and the device becomes control-

lable locally or remotely (as permitted).

This approach offers several benefits, the most obvious of

which is the ability to use one cable connection for multiple

data streams. The surgeon can monitor any data source

during a procedure, and the video stream is also viewable

by nursing and anesthesia staff. Control of complex diagnos-

tic equipment would be simplified, and the surgeon’s own

control preferences could be distributed in an automated

fashion over many devices. For optimum efficiency, each

device could be automatically aligned to a chosen surgical

path, and a high dedicated bandwidth would ensure precise

control. If desired, one or more other control systems could

be implemented as a separate surgical controller (voice,

gesture, etc.), and a remote assistant or expert can be given

access to the systems as needed [4].

Figure 1 shows a schematic layout for a network

controlling multiple devices from the surgeon’s console.

This console would display a dynamic list of available

devices, each represented by an icon. Clicking on the icon

for a particular device would bring up its controls. Similarly,

remote consultants could also be represented as icons, with

their observation or participation being enabled by a drag-

and-drop interface. Figure 2 shows a screenshot of the sur-

geon’s console as configured to control a Möller VM900

microscope, a bipolar coagulator and a Tetrad ultrasound

imaging system. A surgeon’s particular preferences can be

stored on appropriate media and uploaded prior to surgery.

The single unified multi-source display system would

avoid the need for multiple computer monitors in the OR.

The display device could take one of several forms as long as

it is compatible with a sterile cover for use in the OR. Our

current test model uses an LCD panel on wheels, but wall-

mounted plasma screens or head-mounted displays would be

equally practical, and even a personal data assistant (PDA)

could be used.

Devices producing information would have a streaming

web server; pertinent information would be digitalized and

Fig. 1 Schematic layout for a network controlling multiple devices

from the surgeon’s console

Fig. 2 Screenshot of the

surgeon’s console as configured

to control a Möller VM900

microscope, a bipolar coagulator

and a Tetrad ultrasound imaging

system
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sent out as a data stream. Thus, a microscope would produce

a video stream, the life-support equipment would generate

EKG readouts, and the neurophysiological monitor would

produce an audio stream.

Every control panel and information stream can be shared

outside the operating room as required. To facilitate such

remote access, the dynamic firewall software provides a

graphic interface that allows sharing of information with a

remote consultant equipped with nothing but a PC. It isolates

local network traffic from the wide area network (WAN) and

guarantees bandwidth to the surgeon. The local surgeon

retains complete control over external connections into the

OR: upon logging in, a remote consultant only sees the

locations of surgeons currently using the system. Controls

could also be shared to maximize device optimization

(image quality, etc.).

The local surgeon can grant outside viewing or control as

needed. By dragging the selected device icon over the

remote consultant’s icon, a logical connection is established.

The local surgeon can also stipulate the type of access to

each device, e.g., data sharing, joint control or autonomous

control by the remote surgeon. The control and/or connec-

tion can also be revoked as needed. Figure 3 shows a repre-

sentative screen shot of a remote station, displaying the

control interfaces for the microscope and the Tetrad ultra-

sound system.

For the SurgON system to work with a remote work-

station, a suitable network connection is required. For

control signals and audio, a modem is fast enough, and

standard Internet software (Internet Explorer, Java plug-in,

NetMeeting, etc.) should be adequate. Thus, almost any

current computer is capable of being used as a remote

controller.

Conclusion

It is our belief that SurgON addresses the needs of surgery of

the future. It provides the requisite shielded space, empow-

ering the surgeon to control all informational streams. It

fulfills life support requirements through its ability to be

networked and displayed on request to all clinicians

involved with a case, while the associated display devices

allow seamless communication between the clinicians.

There is a protocol for instant recognition of all devices

entering the protected space, and the system provides the

option to share control of intraoperative devices with remote

consultants and assistants.

Conflict of interest statement We declare that we have no conflict

of interest.

References

1. Healthcare Financial Management Association (2003) Achieving

operating room efficiency through process integration. Healthc

Financ Manage 57(3):Suppl 1 7, following 112

Fig. 3 Representative screen shot of a remote station displaying control interfaces for a Möller VM900 microscope and Tetrad ultrasound system
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Intra-operative Robotics: NeuroArm

Michael J. Lang, Alexander D. Greer, and Garnette R. Sutherland

Abstract This manuscript describes the development and

ongoing integration of neuroArm, an image-guided MR-

compatible robot.

Methods: A neurosurgical robotics platform was devel-

oped, including MR-compatible manipulators, or arms, with

seven degrees of freedom, a main system controller, and

a human-machine interface. This system was evaluated

during pre-clinical trials and subsequent clinical application,

combined with intra-operative MRI, at both 1.5 and 3.0 T.

Results: An MR-compatible surgical robot was success-

fully developed and merged with ioMRI at both 1.5 or 3.0 T.

Image-guidance accuracy and microsurgical capability were

established in pre-clinical trials. Early clinical experience

demonstrated feasibility and showed the importance of a

master-slave configuration. Surgeon-directed manipulator

control improved performance and safety.

Conclusion: NeuroArm successfully united the precision

and accuracy of robotics with the executive decision-making

capability of the surgeon.

Keywords Human-machine interface � Image-guided surgery

� Microsurgery � Robotic surgery � Stereotaxy

Introduction

Robotic technology has been applied to surgery for

many years [1 3]. As with industrial manufacturing applica-

tions, robotics has demonstrated precision and accuracy that

exceeds human ability, particularly for repetitive tasks [4].

Meanwhile, human capacity for non-linear processing incor-

porates incomplete data sets and prior experience, and is

necessary for anticipatory action [5]. At the human-machine

interface (HMI), the unique attributes of robots and humans

may well result in improved surgical intervention and out-

come. These advantages are exploited in the master-slave

configuration of most medical robotic devices [6], and

are why automation, in order to be safe, would require a

fundamental change to processing architecture and software

design.

Following the modification of an industrial robot

(Programmable Universal Machine for Assembly (PUMA),

Advance Research and Robotics, Oxford, Connecticut)

for neurosurgical use, various robotic systems have been

adapted to or created for neurosurgery [2]. These systems

have seen only isolated acceptance, largely due to a combi-

nation of safety concerns, complexity of use, intra-operative

imaging incompatibility, cost, and restricted range of appli-

cation. In 2002, development of an MR-compatible robot

was initiated at the University of Calgary in an effort to

integrate the precision and accuracy of robotics with the

imaging capabilities of an innovative intra-operative MRI

(ioMRI) system based on a moveable magnet [7, 8]. The

master-slave dynamic governing neuroArm is discussed,

together with the neurobiological mechanisms which sepa-

rate human and computer decision-making capability.

Materials and Methods

The design and manufacture of neuroArm has been previ-

ously reported [3, 9]. In summary, the system consists of two

MR-compatible manipulators mounted on a mobile base, a

main system controller, and a human-machine interface

(HMI), or workstation. The manipulators, or arms, have

seven degrees of freedom (DOF), and are able to grasp and

manipulate a variety of neurosurgical instruments. The main

system controller processes the computational needs of
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robotic manipulation, and mediates the reciprocal exchange

of information between surgeon and machine. Finally, the

HMI provides the sensory milieu in which the surgeon is

able to perform surgery within an image-guided environment.

To develop an image-guided robotic system, manipulator

arms were constructed from MR-compatible materials, such

as titanium and polyetheretherketone. Piezoelectric motors

were chosen for their MR-compatibility, 20,000-h lifetime,

and intrinsic braking characteristics in the event of sudden

power loss. The system includes dual-redundant rotary elec-

tric encoders, which record joint position to an accuracy of

0.01 degrees. The end-effector incorporates a unique mech-

anism for tool grasping, roll, and actuation, such as opening

or closing bipolar forceps or scissors. In addition, the con-

figuration maintains sterility via end-effector attachments

which pierce the manipulator drapes while capping the

break in the sterile field (Fig. 1). Two titanium six-axis

force/torque sensors in contact with the tool generate force

data in three translational DOF, which is fed back to the

surgeon via two handcontrollers. For microsurgery, both

manipulators are transferred to a mobile base, along with a

6-DOF digitizing arm. The digitizing arm is used to register

the manipulators to fiducials located within the radiofre-

quency (RF) coil, and hence to pre- or intra-operatively

acquired MR images. For stereotaxy, one manipulator is

transferred to a polyetheretherketone platform attached to

the gradient insert within the bore of the magnet. The plat-

form includes two MR-compatible cameras, which allow

visualization of the operative site and manipulator from the

workstation monitors. In this configuration, the manipulator

is registered to the magnet isocenter.

The main system controller governs the transmission of

input signals to the robot, as well as position and force data

returning to the HMI. The software currently being utilized

in the main system controller took over four years to deve-

lop, given the requirements of image guidance, quantified

force feedback, and safety. This software not only acts as a

throughput for data, but actively monitors all aspects of the

system. In the event of divergence from intended manipula-

tor motion, the embedded safety mechanisms halt further

movement. However, while system software can recognize

positional error, the surgeon may be able to recognize the

context of unintended movement more rapidly, and thus

avoid injury to adjacent neural tissue. This is particularly

relevant given the speed of surgery, in which small varia-

tions in reaction time can result in substantially different

outcomes. To avoid such a critical event, a foot-pedal, used

as a dead-man switch and wired directly into the process

logic controller, was added to allow the surgeon to rapidly

halt the manipulators in the event of unintended movement.

Union of the precision and accuracy of machine technol-

ogy and human executive capacity is made possible by the

HMI apparatus [10]. The surgeon is immersed in sensory

data, including 3D intra-operative MR images with tool

overlay, virtual position of the manipulators relative to the

RF coil, stereoscopic display of the surgical field from the

operating microscope, an image of the operative area, and

recreated sense of touch, which is displayed in Newtons and

Fig. 1 Integration of human and

machine: the figure shows

neuroArm positioned for removal

of an olfactory groove

meningioma. The right arm holds

a bipolar forcep and the left a

bayonet shaped sucker.

Stereoscopic images from two

high definition cameras attached

to the operating microscope are

projected to the surgeon at the

workstation (insert). Also shown

in the insert, are the 3D MRI

display (left) and virtual

manipulators registered to the

RF coil (right)
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also pictorially represented. Force feedback, essential for

microsurgery, permits quantification of the forces of dissec-

tion and the potential to set explicit limits to applied force. In

addition, the surgeon can construct virtual surgical corridors

on the MRI display (Fig. 2). Once established, tool manipu-

lation may occur only within the limits of these

pre-determined pathways. Within this sensory immersive

environment, the surgeon is able to safely control the mani-

pulators.

Results

As previously published, the surgical robotic system was

designed, manufactured, and integrated into a neurosurgical

operating room over a 6-year interval [3]. During the

subsequent 18 months, deficiencies in both hardware and

software were identified and resolved. The foot-pedal,

added during this interval, was found to increase manipula-

tor control, further enhancing safety. With usage, errors

related to positioning data and image registration were

likewise identified and resolved.

Pre-clinical trials were performed using rats and cadavers

[9]. To establish microsurgical application, two qualified

microsurgeons achieved comparable results using either

established microsurgical techniques or neuroArm. The test-

ed procedures consisted of splenectomy, nephrectomy, and

submandibular gland resection in a rodent model. Naviga-

tional accuracy was established by means of nanoparticle

implantation into predetermined targets using a cadaveric

model. Accuracy was found to be equal or better to existing

surgical navigation technology. Unlike traditional naviga-

tion technology, location of the implanting device was con-

firmed with real-time imaging prior to nanoparticle release.

Clinical application was initially demonstrated in five

patients with various intracranial neoplasms [9]. NeuroArm

was progressively introduced in a staged manner, so as to

isolate specific issues relating to its use in the operating

room. Early cases focused on the positioning and draping

of the manipulators for use within the sterile field. Assess-

ment of image-guidance accuracy was then performed, fol-

lowed by initial use during neoplasm resection. During the

fifth case, an encoder failure occurred, resulting in uncon-

trolled motion causing the suction tool to come into contact

with a retractor. This event triggered a safety review, out of

which the aforementioned foot-pedal was developed and

incorporated. Despite the occurrence of minor technical

complications, patient safety remained uncompromised.

Sample size during initial clinical use was limited by the

decision to upgrade the 1.5 T ioMRI system to 3.0 T. This

was complicated by the decision to shift from local to whole-

room RF-shielding. NeuroArm was integrated into this new

ioMRI environment. To avoid RF-interference from elec-

tronic cables controlling neuroArm, a penetration panel was

constructed. At the site of shield penetration, RF-noise is

eliminated with line filtration and copper to fiber-optic con-

verters. Conversion to whole-room shielding simplified the

method for registration during stereotaxy. Manipulator

placement on a polyetheretherketone platform, attached to

Fig. 2 Three dimensional MRI

display: the image demonstrates a

selected surgical corridor with

tool overlay. Once delineated, the

tools may only pass within the

limits of the pre defined corridor
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the gradient insert within the magnet bore, allows image

registration to be based on the magnet isocenter (Fig. 3).

Discussion

Pre-clinical trials and initial clinical experience with neu-

roArm have demonstrated that the system safely unites

robotic precision and accuracy with human decision-

making. This connection is based on a master-slave configu-

ration, similar to most surgical robotic systems. Such a

design was chosen largely due to limitations in contempo-

rary computer technology, but was fortuitous nonetheless.

Indeed, the master-slave dynamic is indispensable to the

practice of robotic surgery, owing to the nature of human

decision-making. While the superior precision and accuracy

of robotic movement is accepted [2], the mechanisms separ-

ating human and computer decision-making capability in the

surgical setting have not been well-studied.

Human decision-making has been studied extensively in

the fields of neuroscience, psychology, and economics

[11 13]. In vivo experiments have been able to demonstrate

the neurobiological underpinnings of decision-making pro-

cesses during simple sensory-motor tasks [14]. Researchers

have delineated complex neural circuits involved in the

processes of choice valuation and decision execution; within

associated regions, distinct populations of neurons respond

independently to each available option [15]. The result is

a non-linear computational system capable not only of

evaluating multiple choice alternatives simultaneously, but

also continued processing and modification of such choices

after the action has been initiated. Consequences of a deci-

sion are then incorporated as experience into future heuris-

tics. Presently, computers, which do not rely on the

relatively slow synaptic connections of neuronal transmis-

sion, utilize computational circuitry and software designed

with inherent linearity, although this may change [16]. The

surgeon controlling neuroArm can evaluate the context of

unintended motion, resulting in a much faster reaction than

the main system controller.

In addition to differences at the level of basic compu-

tation, higher-level data processing is critical to human

executive functioning. Step-by-step deduction in computer

processing requires the evaluation of all possible choices to

conclusion or a pre-determined fail condition, prior to select-

ing a single option with the highest likelihood of success.

When applied to surgery, these distinctions have substantial

impact as decision complexity increases. At a given point in

time, there exist almost infinite possible actions within the

surgical field, organized in ascending levels of importance

and complexity. Were true automation attempted, so-called

combinatorial explosion would result. The surgeon, pre-

sented with immersive sensory data at the workstation, can

rapidly combine multiple incomplete data sets in order to

execute manipulator motion. This is the basis for efficacy

during pre-clinical studies and success in the early clinical

use of neuroArm.

Small-scale anatomical variability further complicates

the process of automation by adding layers of ambiguity

Fig. 3 Image guided robotic

assisted stereotaxy at 3.0 T:

this photograph shows the right

manipulator, located on a

platform attached to

the gradient insert within the bore

of the moveable 3.0 T magnet.

Cables are connected to two MR

compatible cameras, allowing

visualization of the manipulator

and surgical field

234 M.J. Lang et al.



and disorganization to the surgical data set, thereby increas-

ing computational density. Though intra-operative imaging

and intuitive HMI design attempt to minimize this uncer-

tainty, the surgeon’s decision-making is not paralyzed by

incomplete data, as some degree of sensory uncertainty is

tolerated. Surgeons routinely apply knowledge of antici-

pated structural relationships to actively guide dissection,

prior to full visualization of the relevant anatomy. Such

action is predicated on computation that allows the brain to

both infer probability from uncertain data and determine the

threshold of sensory certainty required to initiate action [17].

The use of a foot-pedal to halt unintended manipulator

motion takes advantage of the human capacity to evaluate

the error in the setting of contextual dissonance, though the

system software may not recognize technical failure. While

neuroArm is capable of extremely basic automation in the

form of a partially-automated tool exchange, it is capable of

producing only a single solution to generate a given move-

ment. Surgeons, on the other hand, can intuitively alter

speed, force, and hand position efficiently and effectively

in order to complete a task in a variety of approaches.

Technological developments have presented neurosur-

geons with increasingly informative imaging modalities

and tools that have substantially altered the scope and nature

of neurosurgical intervention. NeuroArm combines advanced

image guidance, robotic accuracy and precision, and the

neural processing mechanisms employed during human

control. The master-slave organization of this system links

human executive function and robotic accuracy in a way that

may generate surgical outcomes beyond those currently

possible.
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Clinical Requirements and Possible Applications of Robot Assisted
Endoscopy in Skull Base and Sinus Surgery

K.W.G. Eichhorn and F. Bootz

Abstract Functional Endoscopic Surgery of Paranasal sinu-

ses (FESS) and Skull Base surgery is one of the most frequent

surgeries performed at the ENT department of the Bonn

University, Germany. Beside of surgical Navigation Robotic

is one of the upcoming fields of Computer assisted Surgery

developments. This work presents novel research and con-

cepts for Robot Assisted Endoscopic Sinus Surgery (RASS)

of the Paranasal sinuses and the anterior Skull Base contain-

ing the analysis of surgical workflows, the segmentation and

modelling of the Paranasal sinuses and the anterior Skull

Base and the development of the robotic path planning. An

interdisciplinary group of software engineers and surgeons in

Braunschweig and Bonn, Germany are approximate to solu-

tions by a clinical and technical research program financed

through the DFG (Deutsche Forschungsgemeinschaft,

German research Community).

Keywords Computer assisted surgery � Endoscopic surgery
� Endoscopy � FESS � Paranasal sinuses � Robot assisted
surgery � Robotic � Skull base

Introduction

Over the past years Functional Endoscopic Sinus Surgery

(FESS) has been established as one of the important standard

techniques in the field of Otorhinolaryngology and Skull

base Surgery. The major disadvantage of this technique is

that the surgeon has to hold the Endoscope by himself in one

hand. He has only his second hand free for surgical instru-

ments, suction or navigation devices. This can result in

unsteady endoscope images caused by tiredness or in fre-

quent instrument changes. Since this is also true for other

endoscopic operations like laparoscopy, robot systems are

developed taking control of the endoscope during surgical

procedures (some of them are listed in [1 3]).

Our aim in Robot Assisted Endoscopic Sinus Surgery

(RASS) is that the robot guides the endoscope during an

operation as autonomous as possible. One of the main chal-

lenges is the close proximity of critical regions like the

anterior skull base, orbits, carotid arteries and optical nerves

to the work space of the robot.

Clinical Requirements

Parts of these requirements are that

1. the tip of the instrument is always in the centre of the

endoscopic view

2. the surgeon has enough free space for his instruments

3. the motion of the robot harmonize with the motion of the

surgeon

4. the robot can automatically clean the camera lens and

5. the surgeon can direct the robot to (e.g. in CT data)

specified locations.

Especially the last two points require a path planning

algorithm. In contrast to most industrial applications we

have to deal with partly soft structures. And due to the

limited space in the nasal and paranasal cavities, the robot

has to deform some of these elastic structures like the middle

turbinates to reach the ethmoid complex. The amount of

these deformations should be restricted in such a way that

the risk of an injury is minimal for the patient. Moreover,

some anatomical structures (soft or hard) are removed for

most of the surgical approaches, which requires dynamic

data structures.
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Modelling the Endoscopic Sinus Surgery

The primer experiments were analysing regular FESS opera-

tions done by clinical specialist in a conventional two hand-

ed operation (One hand for the endoscope and the second

hand for an instrument or navigation pointer or the suction

device).

Methods/Material

During 23 FESS procedures (five cadaver dissection and

18 in vivo FESS) we mounted force/torque sensor (Nano

43 SI-36-0.5, Schunk GmbH &Co. KG, Lauffen, Neckar;

Germany) between the camera/handle and the endoscope

while operating to monitor the forces and torques occurring

at the endoscope in six degrees of freedom. In addition

we added in four FESS marker spheres at the patient, the

endoscope and the instruments to determine the position

of these three by a self developed passive navigation sys-

tem and collected the endoscope images and took a cam-

corder video from the hole procedure from a half bird view

(Fig. 1).

Results

As result we determine an amount of points where the

endoscope tip is located during FESS which builds nearly

the whole nasal cavity. We defined a geometrical centre as a

standard position for the robot to have the shortest distance

to reach all positions in the shortest time. Furthermore we

reduced our data to 50% of the points lying close to the

balance center and designed so a cube defining the ground

work space of the endoscope tip. The dimension of the cube

in our FESS was 16.59 mm�11.38 mm�6.30 mm and

1.19 cm3.

As a main result we get the pose (position and orienta-

tion) of the endoscope in relation to the patients head and the

points of passage into the nose. So we defined a plane we call

pivot plane where all poses of the endoscope entering the

nose are located. We also reduce these points to the closed

50% of points to a balance center. So we get a pivot plane of

3.93 mm�2.31 mm or rather 9.07 mm2 surface. The surface

of 9.07 mm2 is the surface of the lateral cut of all standard

endoscope used in sinus surgery. So in technical terms we

define a pivot point at the nasal entrance (Fig. 2).

Our force/torque senor delivers a force/operation time

diagram for every FESS and we calculated the average

force and the maximum force and thus we found the 94.9%

Fig. 1 Screenshot of the data acquire software during conventional endoscopic sinus surgery with explanatory notes: (a) control window,
(b) force/torque data, (c) camcorder view, (d) endoscope image, (e) time line
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percentile lying by 7.1 N. So most of the times the forces

occurring at the endoscope tip are below 7 N and in average

3.3 N.

Technical Developments

To describe the soft tissue and bone properties we designed

different experiments on human soft tissue and cadaver

specimen. Elasticity and tissue properties were measured.

Also we used the software ANSYS for creating a FEM-

(Finite Element Model)-Simulation.

In our experiments we have seen that the amounts of

data’s need for the FEM-Model are to complex for an online

calculation. So we go ahead and designed a total new model

for the path planning which will be introduced in following.

In our work we distinguish between the interior and the

exterior environment. The interior environment describes

the inner structures of the patients head. So far we concen-

trated on modelling the interior environment [4]. This interi-

or environment we divided into voxels according to the

CT-scans and defined for each voxel three different proper-

ties: HARD, SOFT and FREE.

HARD structures and other critical regions (e.g. brain,

eyes) can be treated as prohibitive zones for the robot.

Contacts with SOFT structures can not be avoided. But the

amount of deformation should be limited so that the risk of

injuries is minimal for the patient. In FREE Region the

maximum speed for FESS endoscope movements is allowed.

Discussion

After throwbacks in medical robotics a few years ago [5],

there are new interdisciplinary groups [6] working at the

development of new systems to relieve surgeons during

complex operations. In our work the assistance of the robot

in FESS is the main topic. The surgeon would have two

hands free to perform saver and more precise manipulations

at the patient [7]. On the market there are so far only systems

for telemanipulation available for example the DaVinci-

System [8], but partly autonomous working machines are

Fig. 2 Diagram of pivot plane, pivot point and the endoscope rotations

and translations around the pivot point at the nasal entrance: l is the
distance between the tip and the intersection point of the endoscope

axis and the pivot plane, (a, b) is a displacement vector within the pivot

plane, a is the rotation angle around the z axis (yaw), b is the rotation

angle around the y-axis

Fig. 3 Prototype for robot

assisted endoscope guidance for

surgery of the paranasal sinuses

and the anterior skull base (GUI
Graphical User Interface, Tx 40
Robotor Type Tx40)
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still missed. In technical ways we defined a ground work

space and a fixed pivot point at the nasal entrance. We are

able to reduce the movements of the robot to guide the

endoscope in the nose to one translation and two rotation

directions. By the use of limits of the work space to a cube of

1.19 cm3 and the limiting of the forces to 7 N at the endo-

scope tip we can protect critical regions like the anterior

skull base, orbits, carotid arteries and optical nerves by

injuries belonging to the endoscope tip and the robot move-

ments [4, 9]. Limits for translations and rotations of the

endoscope and simplification of the voxel based interior

environment make the run time for a path planning request

at about 1 s for the worst case (single threaded, E6600 CPU,

unoptimized code). The paths were smooth with a good

balance between limited deformations and straight driving

to the goal positions of the endoscope tip (Fig. 3).

Perspectives

In our work we developed different approaches for the

realization of the partly autonomous robot assisted endo-

scope guidance in functional endoscopic sinus surgery and

the surgery of the anterior skull base. In the future we start

new experiments with our prototype (seen in Fig. 3) and

RASS on cadaver heads.
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Robotic Technology in Spine Surgery: Current Applications
and Future Developments

Carsten Stüer, Florian Ringel, Michael Stoffel, Andreas Reinke, Michael Behr, and Bernhard Meyer

Abstract Medical robotics incrementally appears compel-

ling in nowadays surgical work. The research regarding an

ideal interaction between physician and computer assistance

has reached a first summit with the implementation of

commercially available robots (Intuitive Surgical’s1 da

Vinci1). Moreover, neurosurgery and herein spine surgery

- seems an ideal candidate for computer assisted surgery.

After the adoption of pure navigational support from brain

surgery to spine surgery a meanwhile commercially available

miniature robot (Mazor Surgical Technologies’ The Spine

Assist1) assists in drilling thoracic and lumbar pedicle

screws. Pilot studies on efficacy, implementation into neuro-

surgical operating room work flow proved the accuracy of

the system and we shortly outline them. Current applications

are promising, and future possible developments seem far

beyond imagination. But still, medical robotics is in its

infancy. Many of its advantages and disadvantages must be

delicately sorted out as the patients safety is of highest

priority. Medical robots may achieve a physician’s supple-

ment but not substitute.

Keywords Spinal robotics � Computer assisted surgery �
Medical robotics � Robotic neurosurgery � Spine surgery �
Robotic assisted screw placement

Introduction

Medical robotics has tremendous potential for improving the

precision and capabilities of neurosurgical, and therein spi-

nal surgical procedures. The intrinsic characteristics of

robots, such as high precision, repeatability and endurance

make them ideal surgeon’s assistants [1]. During the last two

decades, important efforts have been made between academ-

ic and industry partnerships to develop robots suitable fur

use in the operating room environment. Although some

applications have been successful in areas of laparoscopic

surgery at cardiac and urologic procedures, such as Intuitive

Surgical’s da Vinci1, cerebral and spinal Neurosurgery still

presents a major challenge due to the eloquence of the

surrounding anatomy. The development of minimally inva-

sive surgery and introduction of medical imaging techniques

(virtual reality) is a paradigm shift for the surgical applica-

tion of medical robots for reproducibility and improved

precision in surgical procedures. In many ways, spinal sur-

gery is ideally suited for the integration of robotic-assisted

surgical procedures [2]. Spinal procedures commonly

require fine manipulation of trajectories to deeply seated,

critical bony structures that are accessed through a small

corridor. Since spinal procedures in terms of implanting

screws and rods constructs accompanying intervertebral

fusion can be quite lengthy and tedious, spinal surgeons

may experience fatigue, hand tremor, and a scaled down

hand motion regarding further decompressive, more

eloquent work at the spinal cord and nerve roots. Ideally,

robots are indefatigable, able to perform repetitious tasks

with precision and reproducible outcomes.

Current Applications

To date, medical robotics is still in its infancy and only a few

commercial companies and their products are available.

Especially for spinal surgery, only one commercial CE- and

FDA-approved product exists (The SpineAssist1, Mazor

Surgical Technologies, Caesarea, Israel), and the number

of scientific publications is scarce.

The SpineAssist1 is a bone mounted hexapod miniature

robot (Fig. 1). It is firmly connected to the patient’s body

through one of three platforms: a clamped bridge attached to

the spinous process, a Hover-T bridge attached through three
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pins to the patient’s bony anatomy or a bed mount device

with only one pin connecting the Hover-T to the patient’s

spine. According to the medical robot classification of Nathoo

et al. [3] this system, as the majority of robot-assistants, serves

as a shared-control system, which allows both the surgeon

and the robot to directly control the instruments at the

same time. Prior to surgery, there are a few basic steps in

the operation:

1. Preoperative planning on a reformatted CT scan of the

operated area imported to the software.

2. Calibration of the fluoroscopy c-arm.

3. Intra-operative fluoroscopy images of the operated field

with targets mounted to the robotic platform.

4. Merging of the intra-operative fluoroscopy images with

the pre-operative CT scan (registration).

5. Execution of the pre-operative plan.

Further information on the system can be found else-

where [4 7]. Thus, the system provides with navigation

and guidance, and assists via the trajectories with drilling

prior to screw implantation, translaminar facet screws,

vertebral biopsies or kypho- and vertebroplasties. Safety

and accuracy have been shown in clinical pilot studies [8, 9].

Results of a pilot study with this system regarding clinical

feasability, safety and integration into operative workflow at

our institution confirm an excellent accuracy with a devia-

tion<2 mm to the surgeons plan in 97%. 100 lumbar pedicle

screws were inserted in 19 patients (average age 66.81;

range 47 86) with degenerative disease in 25 motion seg-

ments (Figs. 1 and 2). Only one patient underwent revision

according to malposition of two screws (Fig. 3). After a

steep learning curve, easy use of the system and unconven-

tional integration into the work flow was possible, as shown

in a previous study at another institution [9]. Furthermore,

superiority over fluoroscopy guidance in terms of radiation

exposure was proven. Since its introduction into the field of

spinal surgery some studies have been published and besides

good feasability and accuracy those authors warranted pro-

spective randomized controlled trials. Preliminary results of

such a study currently done at our institution point to:

1. Considerably less radiation exposure of the surgeon

2. An improvement of the accuracy and less pedicle breach

with spinal instrumentation

3. An increase of the total duration of the spinal procedure

due to preoperative planning, intraoperative hardware

and software breakdown and therefore

4. An increase of annoying factors around spinal surgery

Future Projects

In future, as this system currently is not only in lumbar but in

thoracic pedicle screw insertion service The SpineAssist will

guide with placing cervical pedicle screws. First attempts

with this approach have been done at several institutions in

Europe, so far. Complex cranio-cervical, atlanto-axial and

subaxial pathologies (i.e. rheumatoid cases, complex cervi-

cal trauma, ankylosing spondylitis) still are challenging to

the spine surgeon, as the risk of neurological damage to the

spinal cord or nerve roots is quoted as 0.2 1.0%, and vascu-

lar injury may occur in up to 5% with possibly devastating

consequences [10, 11]. Image guidance in such procedures is

supposed to offer an increased margin of safety for lateral

mass, isthmic or transarticular screw placement [12]. To our

mind, robotic assistance in guidance-optimized placement

of cervical and lumbar total disc replacements with disc

arthroplasty seems to be a further ideal area of a robotic

supplement.

Fig. 1 Picture of The

SpineAssist1 (Mazor Surgical

Technologies, Caesarea, Israel),

the only commercial robotic

system available for spine

surgery. It is a hexapod miniature

robotic device that places

preoperatively planned

trajectories for drilling screw

canal into in vivo. As shown, it

hovers above the spine via the

Hover T, which might be

attached for minimally invasive

procedures to a spinous process

and the iliac crest
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Fig. 2 The total average position deviation was 0.34 mm from the preoperative plan, Standard deviation 1.49; total average angular deviation

was 2.7� from the preoperative plan, Standard deviation 4.22. Average position deviation was calculated also for 2 sub groups: First 9 out of

19 procedures (solid screws) 0.5 mm; Last 10 out of 19 procedures (cannulated screws) 0.24 mm. Average angular deviation was calculated

also for 2 sub groups: First 9 out of 19 procedures (solid screws) 3.4�; Last 10 out of 19 procedures (cannulated screws) 2.23�
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Future Prospects and Developments

Generally, still some disadvantages of medical robotics have

to be counteracted. To some extent, medical robots (and

herewith especially its hardware) are bulky and space occu-

pying characteristics that are of major concern within the

setup and work flow in an operation room. So there is need

for improvement of usability and practicability around

bringing it into clinical application which yet is fulfilled

with the SpineAssist. Another main disadvantage that

accompanies almost every medical robotic system is that it

still requires a fixed position of the patient in relation to the

robot base. This seems of major concern in spinal surgery, as

for navigation and guidance on bony structures direct con-

tact to such anatomy and avoidance of soft tissue (muscles,

subcutaneous fat tissue) is warranted in at least one fixing

point. Thus, approaches to refine such procedures and to

overcome the intra-operative movement-dependent inaccu-

racy have been made by developing a spine frame [13] or by

interfacing infrared systems allowing dynamic referencing

and complementarities [1]. Thus, in future, medical robotics

will be increasingly linked to imaging modalities, while

these systems are, for the most part, still under the direct

control of the physician. This is based on the popularity and

necessity of the image-guided interventions and the require-

ment of the robotic systems to work within the constraints of

such various modalities as CT, MRI and PET. Repeatability

and accuracy are of major concern regarding safety issues

facing spinal surgery. Since the robotics’ excellent accuracy

in in vivo spinal procedures could be proven, medical robot-

ics in general will never be a supplant but always be a

supplement to the surgeon. Medical robots must operate in

cooperation with physicians to be fully effective [14, 15].

Safety measures that can be taken include the use of

redundant sensors, the design of special-purpose robots

whose capabilities are tailored to the task at hand and the

use of fail-safe techniques so that if the robot does fail it can

be removed and the procedure can be completed by the

surgeon. For the surgeon naturally is very concerned about

the safety of the application of medical robotics in the

operating room and therefore has to cope his responsibility

following the fundamental principle in any surgeons train-

ing, which is ‘‘DO NO HARM’’. The ‘‘growth’’ of the medi-

cal robots from nowadays’ childhood to tomorrow’s

adolescence will possibly follow a hierarchical scheme or

the host of tools available to surgeons, ranging from hand-

held tools to fully powered autonomous robots. As this

hierarchy moves towards autonomous robots, the surgeon

is less and less in control, and more dependent on the

mechanical and software systems of the robot [14]. These

technological challenges need further research areas focus-

sing system architecture, software design, mechanical

design, user interface and imaging-compatible designs.

Thus, the development of application test beds is critical to

move the field forward, and the completion of such medical

robotics projects require a close partnership between engi-

neers and clinicians that usually is not easy to establish.

Future development of medical robotics will base on

integrated systems with a single interface to switch between

planning, navigation, and robotic mode enabling the surgeon

to have direct access to the surgical field and control of the

integrated system [1]. But it is at this stage we must take into

account, that the surgeon does become more of an observer

than a controller, and from a purely neurosurgical soulful

point of view one might put this development into question.

Nevertheless, as with the society of our countries, the

neurosurgical field is technology-driven and technology-

dependent. Future generations of neurosurgeons will satisfy

the immensely fast growing market for medical robotics and

computer-assisted surgical equipment (average annual

growing rate in the U.S. in 2004 of 32.6%) with a demand

we can only imagine at this point. Who would have sus-

pected 30 years ago that we can navigate endoscopically

within our third ventricle or a bulging disc at the segment

L4/5?
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Fig. 3 The relative position of the screw to the pedicle was assessed and graded according to the ABC method analysis: A completely within

the pedicle; B pedicle wall breach less than 2 mm; C pedicle wall breach equal to 2 4 mm; D pedicle wall breach more than 4 mm. 90 of

100 screws were graded as A; 7 of 100 screws were graded as B; 2 of 100 screws were graded as C and one screw was graded as D
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Microscope Integrated Indocyanine Green Video-Angiography
in Cerebrovascular Surgery

Reza Dashti, Aki Laakso, Mika Niemelä, Matti Porras, and Juha Hernesniemi

Abstract Microscope integrated indocyanine green video-

angiography (ICG-VA) is a new technique for intraoperative

assessment of blood flow that has been recently applied to

the field of Neurosurgery. ICG-VA is known as a simple and

practical method of blood flow assessment with acceptable

reliability. Real time information obtained under magnifica-

tion of operating microscope has many potential applica-

tions in the microneurosurgical management of vascular

lesions. This review is based on institutional experience

with use of ICG-VA during surgery of intracranial aneur-

ysms, AVMs and other vascular lesions at the Department of

Neurosurgery at Helsinki University Central Hospital.

Keywords Arteriovenous malformations � Indocyanine

green � Intracranial aneurysm � Intraoperative angiography

� Surgery

Introduction

Intra-operative monitoring of blood flow may play an im-

portant role during microneurosurgical management of vas-

cular lesions. Various available methods of intraoperative

blood flow measurement can provide real time information

and improve the efficacy of treatment. Intraoperative

angiography is known as the gold standard and its role during

microneurosurgical management of intracranial aneurysms

and arteriovenous malformations is well known [1 12].

Microvascular Doppler and ultrasonic perivascular flowme-

try are among other methods widely used [13 16]. Indo-

cyanine green video-angiography (ICG-VA) is a safe, and

reliable method for assessment of blood flow which is

recently introduced to the field of cerebrovascular surgery

[17].

This review is based on institutional experience with use

of ICG-VA during microneurosurgical management of cere-

brovascular lesions. Microscope integrated ICG-VA (Opmi

Pentero Carl Zeiss Ltd. Oberkochen, Germany) has been

in routine use for the last four years in the Department of

Neurosurgery at Helsinki University Central Hospital.

During this period ICG-VA was used during microneuro-

surgical management of more than 1,200 intracranial aneur-

ysms, 120 AVMs and some other vascular lesions.

Indocyanine Green Video-Angiography

The use of indocyanine green video-angiography in cerbro-

vascular surgery was introduced by Raabe et al. in 2003 [17].

The technique is based on obtaining high-resolution and

high-contrast images detected by near infrared (NIR) camera

integrated to operating microscope. After intravenous injec-

tion of the ICG dye its florescence is induced and detected by

the NIR video camera. The result is a real time assessment of

cerebral vasculature under magnification of operating micro-

scope. ICG-VA has arterial, capillary and venous phases

[17 19]. A dose of 0.2 0.5 mg/kg is recommended for

ICG-VA, with a maximum daily dose limit of 5 mg/kg.

ICG-VA is now available and in routine use in many

centers. The technique is believed to be a safe, practical

and cost-effective method of real time assessment of

blood flow. ICG-VA can be used during microneurosurgical

management of intracranial aneurysms, AVMs, and other

vascular lesions of brain and spinal cord. Similarly, together
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with microvascular Doppler and intraoperative angiography,

ICG-VA can be a useful tool during surgery of vascular

tumors and skull base lesions with close relation to major

arteries. One of the unique advantages of the ICG-VA is

its ability to assess the blood flow in perforating arteries

[18 21]. The venous phase of the ICG-VA is another impor-

tant feature which is particularly helpful in preserving the

veins during various steps of dissection and/or retraction

[17, 18]. This may play the key role during surgical resection

of vascular malformations [22].

ICG-VA During Surgery of Intracranial
Aneurysms

Microneurosurgical clipping is known as a durable method

of treating for intracranial aneurysms (IAs). A perfect clip

should occlude the aneurysm completely while the blood

flow in the major and perforating branches is preserved.

Detection of neck remnant or inadvertent vessel occlusion

necessitates re-exploration if not already late. Intraoperative

detection of improperly placed clip brings the advantage of

immediate replacement to achieve complete occlusion of

or to enhance the blood flow in a compromised vessel.

Intraoperative angiography is suggested as the gold standard

and the most reliable method to control the quality of clip-

ping. However, limited routine availability, relatively high

cost and [2, 4 6, 8, 9, 12, 23, 24] a complication rate of up to

3.5% are the major limitations [12, 25, 26]. Microvascular

Doppler and ultrasonic perivascular flow probe are other

methods of blood flow assessment [13 16]. Patency of per-

forating arteries, however, cannot be detected by above

techniques.

The first application of microscope integrated ICG-VA

during aneurysm surgery was described by Raabe et al. [17].

ICG-VA was used during microneurosurgical clipping of

12 intracranial aneurysms and two patients with dural

fistulas. They reported postoperative imaging studies to be

comparable with ICG-VA findings in all patients (100%).

The technique was reported as a simple and safe alternative

to other intraoperative methods of blood flow assessment.

In their next study Raabe and colleagues [19] compared

the findings of ICG-VA with intra- or postoperative DSA

during surgical treatment of 114 patients with 124 aneur-

ysms in two neurosurgical centers. Their results revealed

90% correlation between ICG-VA and intraoperative DSA

in 60 aneurysms. Intraoperative findings of the technique

were reported to be comparable with 90% of postoperative

DSA for another 45 aneurysms [19]. de Oliveira and colleagues

[20] demonstrated the advantage of ICG-VA in intraopera-

tive assessment of the patency of perforating arteries around

the aneurysm.

Recently we published our experience with ICG-VA

during microneurosurgical treatment of 239 intracranial

aneurysms in 190 patients [18]. Intraoperative ICG-VA

assessment of total occlusion of the aneurysms and patency

of major or perforating arteries were retrospectively com-

pared with postoperative CTA and/or digital subtraction

angiography (DSA). A total of 457 ICG-VA applications

were performed (1 5 for each aneurysm). Technical quality

of ICG-VA was optimal for 218 aneurysms (91%) (Fig. 1).

Deep location, giant size, and arachnoid scarring due to

previous operations were responsible for inadequate quality

in the rest of them.

In 14 aneurysms (6%), unexpected neck residuals were

detected. This rate was significantly higher in deep seated

aneurysms (anterior communicating or basilar artery loca-

tions). The effect of deep location of the aneurysm in the

surgical field was statistically significant. However, this was

not the case with the size or ruptured status of the aneurysm.

Unexpected occlusion of major branching or perforating

Fig. 1 ICG VA images of an upward projecting anterior communicat

ing artery aneurysm approached from left side. (a) Before clipping, (b)
After successful clipping. A1 Proximal segment of anterior cerebral

artery; A2 Post communicating segment of anterior cerebral artery;

RAH Recurrent artery of Heubner, L Left, R Right
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arteries was found in 15 aneurysms (6%). Aneurysms locat-

ed on middle cerebral artery surprisingly constituted the

majority of them (n:10¼67%). Other locations were anterior

communicating, internal carotid-posterior communicating,

and ICA posterior wall. Location, size and ruptured status

of the aneurysm did not significantly affect the rate of

unexpected branch occlusions [18]. Usefulness of ICG-VA

was concluded in two other recent reports by Ma et al. [27]

and Li et al. [28].

ICG-VA has limited ability to visualize the part of the

base behind the aneurysm dome in deeply located aneur-

ysms. Presence of blood clots in the field or arachnoid

scarring are further restrictions. Based on our experience

intraoperative DSA and or microvascular Doppler should

be considered for verification of ICG-VA findings for deep

sited, giant, thick walled and complex aneurysms.

ICG-VA During Surgery of Brain
Arteriovenous Malformations

During microneurosurgical treatment of brain AVMs, intra-

dural strategy includes various steps of intraoperative orien-

tation, localization of the lesion, identification of the arterial

feeders, and preservation of the draining veins [29]. In

our opinion ICG-VA can serve well during early stages of

intraoperative orientation and localization of the vessels.

The technique is able to demonstrate the superficial arterial

feeders, early draining veins as well as normal ones (Fig. 2).

Obtained images can be compared carefully with pre-

operative angiographic studies. This helps the orientation

of surgeon under magnification of operating microscope.

However, use of this technique during AVM surgery is

limited to that part of lesion which is already exposed and

illuminated in the field of microscope. We find ICG-VA very

helpful in case of AVMs with cisternal component such as

paracallosal or parasylvian ones where the major feeding

arteries are in close relation to draining veins as well as the

normal vessels. Here the early identification of large arterial

feeder(s) and their temporary occlusion can facilitate the

later steps of dissection. Comparison of the transit time of

the ICG dye between the arterial and venous phases can also

give an idea about the state of blood flow in the AVM during

surgery. ICG-VA can be repeated safely within the limits of

daily dose. We have not encountered any ICG related com-

plications during surgery of AVMs.

Importantly, in AVM surgery, the technique can be only

useful in early stages of superficial and sulcal dissection. We

do not recommend using ICG-VA in detection of residual

AVMs. Intraoperative or postoperative DSA remains the

gold standard method in detecting residual AVMs.

Recently, Killory et al., reported their experience with the

use of ICG-VA during surgical resection of 10 brain AVMs

[22]. The technique was found to be useful in early detection

of feeding arteries and veins in nine out of ten cases (90%).

The authors reported the ICG-VA to be not useful in detect-

ing the nidus residuals or early draining veins.

We use ICG-VA during micro-neurosurgical manage-

ment of various other vascular lesions and as well vascular

tumors. During surgery of spinal AVMs the technique is

helpful in identification of arterialized veins and fistula

sites. Similar findings are indicated in the reports by Colby

et al. [30] and Hettige et al. [31]. The usefulness of ICG-VA

in assessment of the patency of EC-IC bypass procedures

was studied by Woitzik et al. [32] and Penã-Tapia et al. [33].

In conclusion, ICG-VA can be used as a simple and

practical method intraoperative blood flow assessment.

A careful interpretation of the real time information obtained

by ICG-VA can serve as a useful tool to improve the quality

of microneurosurgical management of various cerebrovas-

cular lesions.

Fig. 2 ICG VA images of an AVM located at right posterior temporal

lobe. At the beginning of intradural part superficial veins are identified.

(a) Early draining vein (large arrow), (b) Late filling of cortical veins

(small arrows)
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Application of Intraoperative Indocyanine Green Angiography
for CNS Tumors: Results on the First 100 Cases

P. Ferroli, F. Acerbi, E. Albanese, G. Tringali, M. Broggi, A. Franzini, and G. Broggi

Abstract Purpose: To investigate the application of indo-

cyanine green (ICG) videoangiography during microsurgery

for central nervous system (CNS) tumors.

Methods: One hundred patients with CNS tumors who

underwent microsurgical resection from December 2006 to

December 2008 were retrospectively analyzed. The diagno-

sis was high grade glioma in 54 cases, low grade in 17 cases,

meningioma in 14 cases, metastasis in 12 cases and heman-

gioblastoma in 3 cases. Overall, ICG was injected intrao-

peratively 194 times. The standard dose of 25 mg of dye

was injected intravenously and intravascular fluorescence

from within the blood vessels was imaged through an

ad hoc microscope with dedicated software (Pentero, Carl

Zeiss Co., Oberkochen, Germany). Pre-resection and post-

resection arterial, capillary and venous ICG videoangio-

graphic phases were intraoperatively observed and recorded.

Results: ICG videangiography allowed for a good eval-

uation of blood flow in the tumoral and peritumoral exposed

vessels in all cases. No side effects due to ICG were observed.

Conclusions: ICG video-angiography is a significant

method for monitoring blood flow in the exposed vessels

during microsurgical removal of CNS tumors. Pre-resection

videoangiography provides useful information on the tumoral

circulation and the pathology-induced alteration in surround-

ing brain circulation. Post-resection examination allows for

an immediate check of patency of those vessels that are

closely related to the tumor mass and that the surgeon does

not want to damage.

Keywords Indocyanine green (ICG) videoangiography �
Intracranial tumors � Surgical resection � Venous drainage

Introduction

Angiography with ICG has been first developed in the seven-

ties in Ophthalmology to evaluate choroidal microcircula-

tion [1 6]. Recently, microscope-integrated near-infrared

ICG videoangiography has been introduced in Neurosurgery

in order to visualize cerebral vessels in case of aneurysm

clipping, bypasses and vascular malformations. It has been

proven that intraoperative videoangiography with ICG may

help to evaluate cerebral vessels that are visible in the

surgical field in order to get a real time diagnose of the

degree of aneurysm occlusion, vessel patency including

the perforating arteries and, in vascular malformations, to

distinguish pathologic vessels from normal vessels and

arteries from veins based on the timing of fluorescence

with the dye [7 20].

To our knowledge, there are no studies in the literature

evaluating the potential role of ICG videoangiography dur-

ing resection of CNS tumors. Therefore, our investigation

focused on whether this technique could be used as an

intraoperative diagnostic tool to study vascular physio-

pathology in CNS tumors and whether the information

retrieved could be integrated in the decision making-process

during surgical removal.

Patients and Methods

In the period between December 2006 and December

2008, almost 1,200 patients affected by CNS tumors were

admitted at the III Neurosurgical Unit of the Department

of Neurosurgery at the Fondazione IRCCS Istituto Neurolo-

gico Carlo Besta in Milan. One hundred of these patients,

67males and 33 females (mean age of 56 years), underwent

intraoperative ICG videoangiography and were retrospectively

reviewed (Table 1). All patients gave their written informed

consent.
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Surgery was performed using a near-infrared videointe-

grated microscope (Pentero, Carl Zeiss Co., Oberkochen,

Germany). The video records images from the operating

microscope, illuminated with a light source including the

ICG excitation wavelength, through an optical filter that

allows only fluorescence in the ICG emission wavelength.

Only vessels directly visible in the surgical field can be

visualized. The ICG video angiography was performed

before and after tumor removal, following the standard pro-

tocol described elsewhere [14 17, 21 29]. Briefly, ICG was

administered intravenously by the anesthesiologist (25 mg in

5 ml of saline). Vessel fluorescence appeared after a few

seconds and was cleared within 10 min, allowing for addi-

tional injections. The resultant video was shown on the

microscope screen in the operative room during surgery

and recorded for further visualizations.

Histological diagnoses were obtained in all cases and were

analyzed together with the intraoperative findings in order to

investigate the tumor-related videangiographic features.

Results

ICG Videoangiography was performed before tumor remov-

al in all cases. In 6 cases the operating surgeon avoided to

repeat post-resection ICG injection because it was consid-

ered useless. No adverse reaction was observed.

ICG videoangiography allowed intra-operative real-

time assessment of the exposed vessel with excellent

image quality and resolution. Arterial, capillary, and venous

phase could be always recognized.

The post-resection arterial phase was able to show, as

already demonstrated for vascular cases [7, 8, 12, 14 17, 19,

20], patency of big cerebral arteries that underwent manipu-

lation for the removal of tumors in contact with or fully

encasing them (1 planum sphenoidalis meningioma, 2 lesser

wing meningiomas, and 2 sylvian metastases). In addition,

the arterial phase was considered particularly useful to con-

firm patency of small arteries dissected free and preserved

during tumor removal because they were traversing the

surgical field and nourishing at least in part the normal

brain parenchyma (Fig. 1). This occurred in 3 out of 54

cases of high grade gliomas and in 4 out of 17 cases of

low-grade gliomas. Furthermore, both arterial and capillary

phases were useful to diagnose fronto-temporal ischemia

after removal of a huge right frontal high grade glioma

encasing the middle cerebral artery, due to its intra-operative

thrombosis (Fig. 2).

The ICG videoangiographic pre-operative late arterial-

capillary phase provided good quality images and videos

of the vascular pattern of the CNS area exposed by surgery,

well depicting both specific tumor-related alterations

and aspecific mass-effect changes. In particular, when the

tumor abutted the CNS surface, ICG videoangiography evi-

denced the pathologic characteristic of the tumor vascula-

ture, both in cases of neo-angiogenic vascular pattern and in

cases in which the tumor showed hypoperfused or avascular

areas such as in cystic or necrotic masses. In addition, in this

context, it was possible to identify artero-venous fistulas,

which were common in high grade gliomas, and were iden-

tified in 45 out of 54 cases (Fig. 3), typical of hemangio-

blastomas (3 out of 3 cases) and sometimes observed in

metastases (2 out of 12 cases) and rarely in meningiomas

(1 out of 14 cases). Aspecific mass-effect changes i.e. brain

gyri compressed by the tumor and edema, and congested,

were evident in a greater number of cases (all the 71 cases of

low and high grade tumors and 5 out of 12 cases of metas-

tases, 5 out of 14 cases of meningiomas).

Regarding the venous phase of ICG videoangiography, this

was found useful to identify impaired venous outflow and

consequent congestion. This was evident in case of arterove-

nous fistulae, as detailed above, and in case of direct venous

compression by the tumor itself (5 out of 54 cases of high-

grade gliomas, 1 out of 12 cases of metastases, 3 out of 14

cases of meningiomas). In addition, ICG videoangiography

allowed to identity, when present, the retrograde outflow

trough anastomotic veins. These data were useful to decide

whether or not to cut a draining vein in order to provide a

wider and safer surgical corridor to the tumor itself (10 cases)

or to obtain a radical tumor resection (8 cases). Specifically, in

case of arterovenous fistulae, when normal veins afferent to

the arterialized vein did not show a retrograde flow, these

veins were considered the only outflow for the peri-tumoral

CNS area. Therefore they were preserved in all cases in order

to re-establish a physiologic pre-tumoral condition. On the

contrary, when a collateral flow through an anastomotic circle

was evident, the arterialized vein was considered un-needed

and therefore was cut, without any related post-operative

complication. The same considerations were made in cases

of a direct venous compression by the tumor.

ICG videoangiography was also used to perform occlu-

sion test with temporary clipping of veins that showed an

Table 1 Types of tumors evaluated by Intraoperative ICG video

angiography in our series

Tumor # Cases

Meningioma 14

Low grade glioma 17

High grade glioma 54

Metastasis 12

Hemangioblastoma 3
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intimate relationships with the tumors. This test was used to

evaluate the presence of anastomotic circle allowing for

venous sacrifice in order to increase the degree of tumor

resection.

A summary of videoangiographic results in different

tumors is shown in Table 2.

Discussion

The intraoperative ICG videoangiography is a relatively

new technique of intraoperative investigation that has been

recently applied in the field of Vascular Neurosurgery.

Routine or selective use of this technique during surgery of

a1

b1

c1
c2 d2

b2

a2 a3

b3

Fig. 1 a1. Cystic metastasis: intraoperative view. b1. Post resection view: the middle cerebral artery and its branches (arrow) are visible under the
microscope. c1. Post resection ICG videoangiography, arterial phase: the middle cerebral artery (MCA) is well injected (arrow). a2. Pre operative

MRI (cT1): right etmoido sphenoidal meningioma with MCA encasement. b2.Dextroscope 3D reconstruction to emphasize the encasement of the

MCA. c2. Intraoperative view: post resection image showing the right internal carotid artery, the anterior and middle cerebral arteries. d2. ICG
videoangiography, arterial phase: the right internal cerebral artery (red arrow), the anterior (blue arrow) and middle (green arrow) cerebral arteries
are patent. a3. Post resection microscopic view in a case of righ rolandic high grade glioma: the artery over the resected tumor is picked up. b3.
Post resection ICG videoangiography: the artery is well injected and patent
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vascular malformations and revascularization procedures

has been suggested by many authors. It has been proven

that intraoperative videoangiography with ICG may help to

evaluate cerebral vessels that are visible in the surgical field

in order to get a real time diagnose of the degree of aneurysm

occlusion and vessel patency including the perforating

arteries. In cases of vascular malformations, it can be used

to distinguish pathologic vessels from normal vessels and

Fig. 2 (a) Pre operative MRI (cT1) showing a fronto temporal GBM on the right side in close relation with the homolateral middle cerebral artery

(MCA). (b) Intraoperative view after right fronto temporal approach and dural opening. Although mannitol was given to the patient, under the

microscope the exposed cortex appears congested due to the edema. (c) Pre resection ICG videoangiography: a stagnant flow within the cortical

vessels is detected (arrows). (d) Post resection view. After tumor removal the surrounding brain appears decompressed. (e) Post resection ICG

videoangiography showing no injection of the exposed area of the frontal lobe. An ICP monitoring was therefore positioned (f) Due to the

increasing of the ICP the patient underwent an early post operative CT scan. A huge ipodensity of the right hemisphere associated with shift of the

structure of the midline was detected. An hemicraniectomy was therefore performed. (g) Post operative CT after decompressive craniectomy

Fig. 3 (a) Pre resection ICG videoangiography in one case of right frontal metastasis (intraoperative microscopic picture in the left corner): in late

arterial/capillary phase early injection of arterialized venous vessels (red arrows), artero venous (A V) fistula, together with physiologic injection

of the capillars are visible. The dye is not yet filling the non arterialized vein (blue arrow). (b) Pre resection ICG videoangiography in one case of

left frontal high grade glioma (intraoperative microscopic picture in the left corner): in late arterial/capillary phase an A V fistula is present (red
arrow)
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arteries from veins based on the timing of fluorescence with

the dye [7 20].

To our knowledge, there are no studies in the literature

investigating the potential role of ICG videoangiography

during resection of CNS tumors. The angiographic evalua-

tion of CNS tumor vasculature before surgical removal was

the only pre-operative radiological information before the

advent of Computerized Tomography and, more recently,

Magnetic Resonance. In the early 1920s, Egas Moniz intro-

duced and developed the idea of utilizing X-rays as a method

of making visible the blood vessels of the brain and to locate

brain tumors. After mapping the normal distribution of the

intracranial blood vessels, he clinically used his method

in 1927, outlining with X rays the location and size of

a patient’s brain tumor by the tumor’s displacement of

injected arteries[25 27]. At that time he defined the angio-

graphic phases that are still used today: arterial, capillary,

early and late venous phase. Direct and indirect signs were

used to diagnose a brain tumor. The direct signs, i.e. mor-

phological features of the pathological vessels, were utilized

to define the nature of the lesion and the indirect signs, i.e.

the displacement of the cerebral arteries due to the lesion,

were used to locate the tumor [22, 28 31]. Nowadays, the

diagnosis of CNS tumors is based mainly on computed

tomography and magnetic resonance imaging, however,

selective cerebral angiography is still utilized when the

neurosurgeon is considering a combined endovascular-

surgicalstrategy of treatment in selected cases and it’s still

the gold standard to evaluate the patency of the dural sinus in

oncological cases [32 36].

In this study we had the opportunity to evaluate whether

ICG videoangiography could provide some information

regarding vascular physiopathology of CNS tumors. We

studied a heterogeneous population consisting mainly on

high grade gliomas, but including also low grade gliomas,

meningiomas, metastases and hemangioblastomas. As

already known from previous studies on vascular cases,

ICG videoangiography allowed intra-operative real time

assessment of the exposed vessel with excellent image qual-

ity and resolution. Therefore, we could evaluate only the

area exposed by the craniotomy, which, especially for mini-

mally invasive approaches that we routinely use for most of

our cases, not always represented the entire area with direct

and indirect signs of the tumor’s presence. However, arterial,

capillary, and venous phase could be recognized in all cases.

Therefore, the neovascular architecture, alteration of the

calibre, morphology and course of vessels, and the haemo-

dynamic patterns could be studied. The ICG transit time in

tumoral vessels was found to be normal or shortened such as

in case of malignant tumor (i.e. high grade gliomas and

metastases). A short flow-time, due to pathological low-

resistance vessels that results in arteriovenous shunting,

was found to be common in high grade gliomas, as is the

presence of neovascular architecture, dysplastic vessels and

thrombosed veins, as previously demonstrated with tradi-

tional cerebral angiography [21, 37, 38]. Although the arte-

riovenous shunts were not always found (45 out of 54 high

grade gliomas), an early visualization of the venous com-

partment was always present. Because arteriovenous shunt-

ing causes an arterial steal that leads to hypoperfusion of the

surrounding parenchyma, it has been speculated that this

mechanism could contribute to local ischemia, eventually

causing tissue necrosis. The presence of multiple areas of

necrosis suggests that the neovasculature fails to supply the

rapidly growing tumor tissue [24]. Sometimes, superficial

avascular areas in case of high grade glioma and metastasis,

have been seen during pre-resection ICG videoangiography.

Although the presence of these vascular characteristics

of GBMs have been known for decades, in the last WHO

classification there are still controversies on arteriovenous

shunts and particularly on the presence/absence of necrosis

in GBMs [23, 39]. Although the number of cases studied is

low, all the hemangioblastomas, which are peculiar types of

tumor, showed the presence of superficial pathologic vessel

architecture, with arterovenous fistulae, and arterialized and

dilated vein draining the tumor nodule.

Despite the permeability of the blood brain barrier, the

dye does not penetrate the membrane and we were unable to

define the margins of the tumor in gliomas and metastases.

Another opportunity offered by this study was to investi-

gate whether the information retrieved by the use of intrao-

perative ICG videoangiography could be integrated in the

decision making process during surgical removal.

First of all, apart from direct visual observation and

microvascular Doppler, intraoperative ICG videoangio-

graphy was found to be a useful tool for intraoperative

assessment of post-resection vessel patency. Microscope-

integrated near-infrared ICG videoangiography can confirm

Table 2 ICG videoangiographic characteristics identified in the three phases, specified for each tumor

Tumor Arterial phase Capillary phase Venous phase

Meningioma Post resection vessel patency (3/14) Pre resection A V shunt (1/14) Pre resection A V shunt (1/14)

Low grade glioma Post resection vessel patency (4/17)

High grade glioma Post resection vessel patency (3/54) Pre resection A V shunt (45/54) Pre resection A V shunt (45/54)

Post resection ischemia (1/54)

Metastasis Post resection vessel patency (2/12) Pre resection A V shunt (2/12) Pre resection A V shunt (2/12)

Hemangioblastoma Pre resection A V shunt (3/3) Pre resection A V shunt (3/3)
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the presence of good flow through the arteries that have been

exposed during tumor resection. In addition, in the case of

intra-operative diagnosis of stroke, as happened for one of

the patient in this series (Fig. 2), the early evidence of this

complication leaded to ICU admission with ICP monitoring

that allowed for further diagnosis and immediate decom-

pressive craniectomy to reduce intracranial hypertension.

Particularly interesting were the pieces of information

provided by ICG videoangiography during the venous

phase. The possibility of post-operative complications in

case of venous sacrifice during neurosurgical procedures

has always been debated [40, 41]. However, there are not

definite data on post-operative complications rate, related to

the sacrifice of single veins in every patient. Although this

risk can be related to the variability of individual pattern of

venous drainage, which could be evaluated by pre-operative

angiography, it is not possible to investigate the real entity of

anastomotic circles because an occlusive test on single veins

can not be performed. Our data on ICG videoangiography

provide some insights into this discussion. In fact, we could

evaluate the pattern of venous drainage of the tumor and the

surrounding brain parenchyma in every patient. When vein

outflow was impaired, as in case of arterovenous fistulae or

direct vein compression by the tumor, ICG videoangiogra-

phy could offer a unique possibility to intraoperatively eval-

uate the presence of anastomotic circulation. This result

could be achieved through a temporary clipping test of

veins closely related to the tumor that evaluated the ICG

clearance time of the tested vein. We used this information

to evaluate whether vein sacrifice could safely be performed.

Interestingly, even if these data have been retrieved on few

patients, the favourable outcome in these cases is encourag-

ing and the ICG videoangiography seems to add useful

information regarding individual venous variability.
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A Technical Description of the Brain Tumor WindowModel: An In Vivo
Model for the Evaluation of Intraoperative Contrast Agents

Daniel A. Orringer, Thomas Chen, Dah-Luen Huang, Martin Philbert, Raoul Kopelman, and Oren Sagher

Abstract The evaluation of candidate optical contrast

agents for brain tumor delineation in ex vivo models may

not accurately predict their activity in vivo. This study

describes an in vivo model system designed to assess optical

contrast agents for brain tumor delineation. The brain tumor

window (BTW) model was created by performing biparietal

craniectomies on 8-week-old Sprague-Dawley rats, injecting

9L glioma cells into the cortex and bonding a cover slip to

the cranial defect with cyanoacrylate glue. Tumor growth

was followed serially and occurred in an exponential fash-

ion. Once tumors on the cortical surface achieved a 1 mm

radius, intravenous contrast agents were injected while

the appearance of the cortical surface was recorded.

Computerized image analysis was used to quantitatively

evaluate visible differences between tumor and normal

brain. Tumor margins became readily apparent following

contrast administration in the BTW model. Based on red

component intensity, tumor delineation improved fourfold

at 50 min post-contrast administration in the BTW model

(P<0.002). In summary, window placement overlying an

implanted glioma is technically possible and well tolerated

in the rat. The BTWmodel is a valid system for assessing the

in vivo activity of optical contrast agents.

Keywords Brain tumor � Cranial window � Intraoperative
imaging

Increasingly robust evidence suggests that the extent of

surgical resection correlates with patient outcome for all

types of brain tumors [1]. Stereotactic navigation, intra-

operative ultrasound and intraoperative MRI have been

developed been developed to improve the extent of resec-

tion. However, these technologies are limited by generating

data that physically separated from the operative field,

requiring the surgeon to correlate an image with the reality

of the appearance of the operative field. To bridge the

gap between diagnostic images and the operating field,

investigators have long proposed the use of dyes to optically

delineate tumor margins [2 9].

Experimental evaluation of tumor-delineating dyes has

been carried out exclusively in ex vivo models. However,

due to the visual differences between perfused and non-

perfused tissue, we suggest that the properties of candidate

optical contrast agents could be best characterized using

in vivo, rather than ex vivo models. Therefore, we aimed

to create an animal model to allow dynamic, in vivo visuali-

zation of the tumor brain interface. We describe a combina-

tion of the conventional 9L implanted glioma model with the

chronic closed cranial window model to create the brain

tumor window (BTW) model, a new system for evaluating

the visual appearance of experimental brain tumors in vivo.

Materials and Methods

The 9L gliosarcoma cell line was cultured under standard

cell culture conditions in RPMI media with 10% fetal bovine

serum (InVitrogen, Carlsbad CA).

Approval from the University Committee on Use and

Care of Animals at the University of Michigan was obtained

prior to all experiments. Sprague-Dawley rats weighing

250 350 g were premedicated with buprenorphine 0.1 mg/

kg and anesthetized with inhaled isoflurane delivered

through a 16 gauge endotracheal tube. Vancomycin (25 mg/

kg) was administered intraperitoneally prior to incision.
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After fixation in a stereotactic head holder, a midline

incision was carried out over the skull from the frontal

region to the occipito-cervical junction. Sutures were

placed 2 mm from the apex of the superior and inferior

apices of the incision and placed on tension to retract the

scalp (Fig. 1a). The periosteum was detached from the

skull through blunt dissection and removed using bipolar

electrocautery. The periosteum, in continuity with fascial

layers overlying the muscles of mastication, was removed

to expose a sagitally-oriented ridge of bone. The bregma

and lambda were identified as landmarks for placement of

a craniectomy (Fig. 1a). Bleeding during exposure was

controlled with bone wax, bipolar electrocautery and re-

traction. A high-speed drill was used to perform a nearly

full thickness craniectomy of the medial aspect of the

parietal bones bilaterally leaving an egg-shell thickness

of bone overlying the dura (Fig. 1a). Minimal drilling

was carried out of the bone overlying the superior sagittal

sinus. The residual layer of bone was removed with a fine

forceps and curved Penfield dissector. A linear rent in the

dura in the coronal plane, towards the caudal end of the

craniectomy was created using a bent 30-gauge needle.

The caudal-most dura was then incised in a radial fashion

along the base of the cranial defect and reflected cranially

so that it could be removed in a single flap. Care was

taken to avoid disrupting the large cortical veins entering

the superior sagittal sinus in the midline which are con-

tinuous with the dura that must be removed medially. A

dissecting forcep with curved tines was helpful in dissect-

ing the dura without causing damage to the underlying

structures. Once the dura was removed (Fig. 1b), the brain

was irrigated with sterile normal saline. 105 9L cells were

injected at a depth of 1mm into the right or left frontal

portion of the exposed brain in an area lacking large

blood vessels (Fig. 1c). A thin round glass microscope

cover slip (10 mm diameter) was placed over the cranial

defect (Fig. 1d). The edges of the cover slip were covered

with two layers of cyanoacrylate glue (Fig. 1d) and a

custom cut plastic ring was sown to the scalp with 3

0 nylon suture to enable continuous in vivo visualization

of the implanted window (data not shown).

Animals were weighed and monitored daily. The surface

of the cortex was inspected for signs of tumor growth in the

region of the injection. Signs of tumor growth observed

Fig. 1 Essential stages in the creation of a brain tumor window model: After reflecting the scalp edges laterally, a nearly full thickness

craniectomy is performed, sparing the bone over the superior sagittal sinus (a). Once the remaining bone overlying the dura has been removed,

a small durotomy at the base of the craniectomy is created to create a larger linear dural rent which is used to peel the dura forward, ideally in a

single flap. Once the dural flap has been removed, the shiny arachnoidal surface of the brain is appreciated (b). Under microscopic guidance, a

10 mL, 26 gauge Hamilton syringe mounted to a steretactic injector is lowered through the meninges, 1 mm deep into an avasacular region of cortex

(c). After injection, the surface of the brain is irrigated to remove residual tumor cells. A 10 mm glass cover slip is carefully placed on the surface of

the brain and a confluent circumferential layer of cyanoacrylate glue, overlapping the edge of the coverslip and the craniectomy margin is applied

(d). Glue is usually dry within 45 min at which time a plastic ring stenting the scalp open for continuous observation is applied
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include hypervascularity, pinkish color change in the region

of tumor injection and elevated cell mass at the site of

injection. The size of the cortical region showing signs

of tumor growth was measured serially to generate a

tumor growth curve. Animals were imaged by MRI using

previously published protocols to confirm the presence of

tumors [10].

When the radius of tumors reached 1 mm, and the

tumors were clearly visible adjacent to normal brain tissue,

they were used for evaluation of optical contrast agents.

A cut-down was performed to establish femoral venous

access. PE50 surgical tubing was placed (0.2500 inner

diameter, Dow Corning, Midland, Michigan) into the right

femoral vein. Animals were then placed into a stereotactic

head holder and continuous video recording with a high-

definition camcorder under visible was then initiated.

Coomassie blue (CB), an optical contrast agent was

administered intravenously over 5 min using a Medfusion

3500 syringe pump (Medex, Dublin, OH) infusion syringe

pump.

Video collected during the experiment was examined

qualitatively to evaluate the difference in appearance

between normal cortex and tumor tissue. Still images were

generated from the video and analyzed colorimetrically with

Image J as previously described to quantify the degree of

color change in the tumor [11]. The difference in red hue was

found to be the best method to reflect the visual difference

between tumor and normal brain.

Brain tissue was examined ex vivo following each experi-

ment on both a macroscopic and microscopic level. At the

conclusion of each experiment, the brain was removed and

photographed digitally on a standard white background. Gross

coronal sections were photographed digitally then immersed

in 4% paraformaldehyde for 15 min followed by 40% sucrose

solution for 24 h. The sections were frozen in Tissue-Tek

O.C.T. Compound (Sakura Finetek, The Netherlands).

Routine hematoxylin and eosin staining was performed on

15 mm coronal sections created with a cryotome.

Results

Technique Development

The BTW model was refined using 50 animals. 49/50 ani-

mals demonstrated a 2 3 day period of approximately 7%

body weight loss, but did not show any behavioral abnorm-

alities. Among the complications encountered in the initial

model development were, failure to thrive (resulting in death

on the 2nd post-operative day), infection underlying the

window (8/50), no tumor growth (6/50), diffuse tumor

growth (3/50) and extensive hemorrhage under the window

(3/50). One animal failed to thrive, possibly due to stroke.

All other animals returned to their preoperative weight,

baseline neurological status and to the expected rate of

growth for rats of their age by the 5th post-operative day.

Tumor growth was evaluated serially whenever possible.

The progression of tumor growth observed is demonstrated

in Fig. 2. Assuming a spherical growth pattern, tumor

growth followed an exponential curve (data not shown).

Roughly spherical tumor geometry was confirmed by MRI

(data not shown). On average, tumor became visible after

four days and achieved a radius of 1 mm by 12.8 days.

Tumor tissue appeared slightly redder than the normal corti-

cal surface and has vascular markings that are distinct from

normal cortex.

BTW Model Characterization

After the BTW model could be reliably and consistently

created, 6 BTW animals possessing optimal imaging char-

acteristics were used to evaluate the ability of contrast agents

to delineate neoplastic tissue in the BTW model. Prior to

contrast administration, it was difficult to visibly delineate

the margins or implanted tumor in comparison to adjacent

Fig. 2 Progression of tumor

growth in the brain tumor window

model. Tumor expands radially

and can be tracked following

implantation. A representative

brain tumor window model is

shown 1, 5, 9, and 13 days post

implantation
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normal cortex (Fig. 3). Following contrast administration,

there was a marked improvement in our ability to distinguish

tumor from normal brain (Fig. 3). The calculated difference

in red hue, reflecting the degree of color difference between

tumor and normal brain, improved from 47.3 pre-contrast

to 141.6 post-contrast (P<0.0002). Maximal delineation

was achieved within 50 min of contrast administration and

persisted throughout the entire 2-h experiment.

Whole brains harvested from animals following experi-

ments were evaluated histologically. Grossly, there was a

spherical superficial tissue mass at the site of the injection.

Microscopic examination of specimens confirmed evidence

of a spherical implanted glioma adjacent to normal cortex.

Glioma tissue appeared hypercellular in comparison to nor-

mal brain. The nuclear to cytoplasmic ratio in the neoplastic

appearing tissue was much greater than that of cells identi-

fied in the normal cortical tissue. The nuclei of the implanted

tumor appeared highly polymorphic. Mitotic figures were

easily identified. Fronds of tumor cells could be observed

infiltrating into normal cortex adjacent to tumor (data not

shown).

Delineation of tumor was compared in the BTW and the

conventional implanted 9L glioma model (data not shown).

The conventional ex vivo model overestimated the degree of

delineation by CB (P<0.03). There was a sharp change in

red hue at the visually apparent and MRI-defined tumor

margin in both the BTW and conventional models.

Discussion

Achieving gross total resection is a key component of

current treatment of gliomas [1]. Visible contrast agents

such as fluorescein, [7] indocyanine-green [2] and bromo-

phenol blue [6] hold promise in assisting in the delineation

of neoplastic tissue within the operative field [3]. Fluores-

cent contrast agents such as, 5-aminolevulinic acid [8] and

5-aminofluorescein labeled albumin [12] have been demon-

strated to be useful in delineating glioma tissue intra-

operatively with fluorescent microscopy. We have recently

suggested that dye-loaded nanoparticles may hold promise

as visible contrast agents for brain tumor delineation [13].

We felt that the best way to evaluate candidate contrast

agents was through a model system that would recreate the

common difficulty surgeons face in distinguishing glioma

from normal brain. We combined a common model for

studying gliomas (9L gliosarcoma) with one primarily used

to study the cerebral vasculature (cranial window model) to

create the brain tumor window model. The initial complica-

tions encountered in the development of the model (superfi-

cial cortical hemorrhage, infection, failure or tumor growth,

excessive tumor growth and stroke) subsided with experi-

ence. The result of our efforts was a model that allows direct

observation of a proliferating tumor in vivo with subtly

visible margins. From a qualitative and quantitative perspec-

tive tumor margins in the BTW model are dramatically

clearer following the administration of contrast agents.

Our data suggests that conventional ex vivo 9L glioma

models may overestimate the degree of delineation afforded

by candidate contrast agents. We feel this observation arises

from the lack of perfusion in ex vivo specimens. Both

models have tumor margins that are well delineated by

contrast and correspond to MRI-defined tumor margins.

Since human tumors margins are rarely as regular as those

of implanted gliomas, the utility of the BTWmodel might be

improved if it were performed with a more infiltrative type

of tumor.

In addition, there are a number of potential applications

of the brain tumor window model that may not relate to

studying visible contrast agents. First, the BTW model

might be used for evaluating fluorescent and near-IR agents

for tumor delineation. Since the BTW allows direct observa-

tion of tumor tissue in situ, it is possible that it could be

used to track the response of tumor to anti-cancer therapies.

In summary, while we have demonstrated the utility of the

Fig. 3 Images of a brain tumor

window model 12 days post

implantation before (a) and
50 min after Coomassie blue

administration (b). Note the
relatively subtle difference in the

color of the tumor prior to

contrast administration and the

clear difference between the

appearance of tumor and normal

brain post contrast
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BTW model for evaluating visible contrast agents, it is possi-

ble that the BTW model may assist be useful in a variety of

in vivo glioma studies.
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