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Abstract
The purpose of the present study was to implement a unique low-field open magnetic resonance
scanner for perioperative imaging in neurosurgery.

A paradigm was created for joint intraoperative/interventional MRI, including premises, surgical
practice and an operational model. The feasibility of the paradigm was tested in clinical work. The
joint use of the facilities between the Departments of Neurosurgery and Diagnostic Radiology was
found to enhance the economic rationale and provide for perioperative imaging. It was also found to
be organizationally viable in the long run.

Intraoperative MRI was implemented and studied in connection with neuronavigation and other
intraoperative instruments, tools and imaging modalities. The unique shut down possibility of the
magnet enabled staged operating-imaging practice, use of non-MRI-compatible instruments and
devices, multimodal imaging with navigation, and avoidance of safety risks associated with operating
in magnetic fringe fields.

Two dynamic contrast enhanced MR imaging sequences, which used undersampled projection
reconstruction, were implemented in the low-field scanner. The applicability of these imaging
sequences to follow contrast enhancement of meningiomas was studied in laboratory experiments and
in two patient cases. The laboratory experiments showed a nearly linear response in signal intensity
to the concentration of gadopentetate dimeglumine in purified water up to 1.25 mM. The patient cases
showed results consistent with an earlier study performed at high-field strength.

The potential of low-field MRI study including dynamic contrast enhanced imaging to predict
surgical and histopathologic characteristics of meningiomas was studied in a series of 21 patients.
Dynamic contrast enhanced imaging could be used to evaluate microvessel densities of meningiomas.
Surgical bleeding, blood loss during operation, progesterone receptor expression and collagen content
were statistically best correlated to the relative intensity of meningioma on FLAIR images. Tissue
hardness correlated best with relative intensity on T2-weighted images.

Keywords: brain neoplasms, gadolinium DTPA, instrumentation, intraoperative
monitoring, magnetic resonance imaging, meningioma, minimally invasive surgical
procedures, neuronavigation, neurosurgical procedures, operating rooms, organization and
administration, radiologic technology, surgical pathology
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 Symbols and abbreviations 

AIF  arterial input function 
B0  magnetic flux density of static magnetic field 
BBB  blood-brain barrier 
BW  bandwidth 
C  concentration 
CBF  cerebral blood flow 
CBV  cerebral blood volume 
CCD  charge-coupled device 
CSF  cerebrospinal fluid 
CT  computed tomography 
CER  contrast enhancement ratio 
DCE  dynamic contrast-enhanced 
DSC  dynamic susceptibility contrast 
ECoG  electrocorticography 
EES  extravascular extracellular space 
EF  enhancement factor 
ENT  ear-nose-throat 
EPI  echo planar imaging 
FFE  fast field echo 
fMRI  functional magnetic resonance imaging 
FOV  field-of-view 
γ  gyromagnetic ratio 
Gd  gadolinium 
Gd-DTPA gadolinium diethylene triamine pentaacetic acid 
GE  gradient echo 
GRD  gridding reconstruction 
H  hydrogen 
HPF  high power field 
IOUS  intraoperative ultrasound 
IV  intravenous 
K  correction factor 



Δkp  radial increment 
kθ  angular increment 
M  molarity 
MEG  magnetoenchephalography 
MIB1  mindbomb homolog 1 (Drosophila) 
MION  monocrystalline iron oxide nanoparticles 
MnCl2  manganese chloride 
MR  magnetic resonance 
MRI  magnetic resonance imaging 
MTT  mean transit time 
Np  number of samples in projection line 
Nθ  number of projections 
NMRD  nuclear magnetic resonance dispersion 
OR  operating room 
PD  proton density 
PR  projection reconstruction 
r  radius 
R1  longitudinal relaxation rate 
R2  transverse relaxation rate 
R2*  effective transverse relaxation rate 
ΔR1  change of longitudinal relaxation rate 
Ripre  relaxation rate of the tissue without Gd-DTPA (i=1,2) 
Ripost  relaxation rate of the tissue after enhancement with Gd-DTPA (i=1,2) 
RiGd  relaxation rate contribution of Gd-DTPA (i=1,2) 
riGd  relaxivity of Gd-DTPA (i=1,2) 
RF  radio frequency 
ROI  region of interest 
SE  spin echo 
SI  signal intensity 
Sn  signal intensity at each dynamic frame 
Smax  maximum signal intensity of all dynamic frames 
S0  signal intensity before administration of contrast agent 
Stot  maximum signal intensity attainable 
SNR  signal-to-noise ratio 
T  Tesla 
τ (tau)  Kendall’s correlation coefficient 
TE  echo time 
TR  pulse repetition time 
T1  longitudinal relaxation time 
T2  transverse relaxation time 
T2*  effective transverse relaxation time 
VAS  visual analog scale 
WHO  World Health Organization 
ωL  Larmor (resonance) frequency 
2D  two-dimensional 
3D  three- dimensional 
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1 Introduction 

Brain surgery requires exact three-dimensional orientation to piece together anatomical 
and pathological locations inside the brain. Technical aids may also be needed to ensure 
safe brain tumor removal. When the neurosurgeon enters the operating room (OR) he or 
she needs to know as much as possible about the tumor at issue. The location can be seen 
in the preoperative magnetic resonance (MR) and computer tomography (CT) images and 
neuroradiologists can give assessments of the tumor’s nature. Still, factors affecting the 
resection technique e.g. density of neovasculature and consistency of the tumor tissue 
cannot always be evaluated beforehand. It can even be unclear if the tumor is neoplasia or 
not. The opening of the skull should be done so that it offers a minimally invasive path to 
the tumor. After opening the skull of the patient, the neurosurgeon cuts the meninges and 
sees the smooth surface of the brain traversed with curvy sulci. It is usual that the tumor 
is beneath the healthy cortex, and the decision has to be made from where to advance to 
it. When the operation cavity reaches the tumor the surgeon starts to remove it. As he or 
she continues the resection, the brain deforms due to gravity and removed tissue. At this 
point of the operation, the surgeon cannot trust preoperative CT and MR images any-
more. Moreover, the narrow operation cavity gives only a restricted view of the tumor 
area. 

Intraoperative ultrasound (IOUS), neuronavigation and most recently intraoperative 
magnetic resonance imaging (MRI) are continuously being developed to give additional 
information to the neurosurgeon. This study was done in connection with the planning 
and implementation of the low-field intraoperative MRI premises of Oulu University 
Hospital. These premises in Oulu are the only ones in Finland enabling neurosurgical 
operations. In 2003 there were about 15 centers in the world where neurosurgery was 
done with intraoperative MRI, nearly all of them based on different concepts. In the 
future, one or some of these concepts may prove more advantageous in comparison to 
others. 

The aim of the study was to implement a low-field open magnetic resonance scanner 
for perioperative imaging in neurosurgery including development of its imaging 
sequences to enhance brain tumor surgery. Imaging sequence development was focused 
on investigating capabilities of imaging contrast enhancement dynamics to predict 
surgical and histopathologic characteristics of meningiomas. 



2 Review of the literature 

2.1  Principles of magnetic resonance imaging 

Many textbooks include comprehensive reviews on principles of MRI (Weisskoff & 
Edelman 1996, Jin 1999), to which the following is only a short introduction. MRI is 
based on energy absorbing and emitting properties of the hydrogen atom nucleus. In a 
magnetic field of strength B0, hydrogen atoms are able to absorb and emit photons of 
angular frequency ωL. This special angular frequency is called resonance frequency and 
is expressed by: 

ωL = γB0 (1) 

where γ is the gyromagnetic ratio of the hydrogen nuclei. In a 0.23 T magnetic field, the 
resonance frequency fr (fr = ω/2π) of the hydrogen nuclei is 9.79 MHz. This is the 
frequency at which so-called spins (magnetic moments) of the nuclei rotate around the 
direction of the B0 field. The precession of the spins of all the hydrogen nuclei in the field 
generates a net magnetization. When an electromagnetic pulse of the resonance frequency 
is applied perpendicularly to direction of the B0 field, the net magnetization is tilted. The 
net magnetization starts to decay towards the direction of B0 as soon as the radio 
frequency (RF) pulse ends emitting the energy it holds. The time constant describing the 
rate of this process is called the longitudinal or spin-lattice relaxation time or T1. Once 
the net magnetization has been tilted, spins are precessing in coherence and producing 
detectable MR signal. This signal disappears at a higher rate than the T1 due to the 
lessening coherence. The process is called transverse or spin-spin or T2 relaxation. 

The protons must be excited multiple times to produce enough signal for the image. 
The period between repeated pulse sequences is called TR, or pulse repetition time. The 
time from the first excitation pulse to the middle of read-out of signal is called echo time 
or TE. In spin-echo (SE) pulse sequences a 180° refocusing pulse is applied in the middle 
of TE to eliminate the effects of static magnetic field inhomogeneities. In consequence, 
most spins are in phase at TE. An imaging sequence in which the 180° RF pulse is 
replaced with two consecutively acting gradient fields in opposing directions is called a 
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gradient-echo (GE) sequence. There are exceptions to the above mentioned general rule, 
for example when asymmetric echoes are used the read-out is not timed to the middle of 
the TE. The concept representing received raw signal on a 2D map of coordinates of 
phase and frequency is called k-space. A readable image is formed by Fourier 
transforming this map to signal versus position. 

2.1.1  Contrast in MRI 

Contrast in basic MRI sequences is related to T1, T2 and T2* relaxation times. These 
relaxation times depend on magnetic interactions among nuclei and molecules that cause 
fluctuations in the local magnetic field experienced by the protons. T1 relaxation requires 
exchange of energy between the spin and its surroundings, the lattice. This exchange is 
probable when fluctuations of magnetic field occur with the same frequency as spins are 
precessing, the Larmor frequency. In T1-weighted imaging sequences TR is chosen to be 
comparable to, or shorter than, the T1 values in the tissue. The signal intensity depends 
inversely on T1 values in the tissue as the strength of the MR signal is proportional to the 
value of the longitudinal magnetization that exists at the instant before the RF pulse. 
Therefore, long T1 in tissue evokes a dim signal. 

The phase coherence of spins can be disrupted also by fluctuations of lower than 
Larmor frequency since exchange of energy packets is not required. In addition to 
microscopic effects related to magnetic interactions among molecules, the local magnetic 
field inhomogeneities are also produced by macroscopic effects related to spatial 
variation of the external magnetic field. Dephasing produced by molecular interactions 
alone is related to T2. Dephasing produced by both factors taken together is related to 
T2*. To get T2-weighting, a spin-echo pulse sequence has to be used to eliminate 
variations of the static magnetic field. The gradient-echo method does not correct for the 
magnetic field inhomogeneities and the spins get out of phase faster due to T2*-effects. 
T2- and T2*-weightings are attained by using relatively long TE times. In GE sequences 
weighting can also be manipulated by altering flip angles. In T2- and T2*-weighted 
images longer relaxation times produce brighter signals.  

2.1.2  Effects of gadolinium-based contrast agents 

Since the 1980’s a chelate of the paramagnetic lanthanide, Gadolinium Diethylene-
Triamine Pentaacetic Acid (Gd-DTPA), has been used to enhance signals of various types 
of lesions in MRI. Several other Gd-based contrast agents are also in widespread use at 
present. Many of these have similar relaxivity values (4.3-5.6 mM-1s-1). These 
compounds decrease both T1 and T2 relaxation times due to rapid fluctuations of the local 
magnetic field at the atomic level caused by unpaired electrons of the compound. Second 
generation Gd-based contrast agents possess markedly increased in vivo T1 relaxivity 
caused by a weak and transient interaction with serum albumin. The first commercially 
available high relaxivity agent is gadobenate dimeglumine (Gd-BOPTA) whose in vivo T1 
relaxivity is 9.7 mM-1s-1 (Carr et al. 1984, Essig 2005) 
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Signal intensity in a spin-echo sequence can be approximated by the following 
equation: 

SI ∝ [H](1-e-TR/T1)e-TE/T2, (2) 

where [H] is the concentration of hydrogen protons. 
The addition of Gd-DTPA (or other paramagnetic solute) causes an increase in the 

relaxation rates R1 and R2 (Ri = 1/Ti, i = 1,2) of solvent nuclei. The relaxation rate of a 
tissue postcontrast (Ripost) can be written 

Ripost = Ripre + RiGd (3) 

where Ripre is the baseline relaxation rate of the tissue without gadolinium and RiGd is the 
relaxation rate contribution from the fraction of spins interacting with the gadolinium ion. 
RiGd is proportional to the tissue concentration of gadolinium [Gd] multiplied by 
relaxivity riGd. Relaxivity of Gd-DTPA represents the relaxation rate of the gadolinium-
containing complex per millimole per liter of solution in units mM-1s-1. (Elster 1997, 
Lauffer 1996) 

Ripost = Ripre + [Gd] riGd (4) 

Thus, the change in tissue relaxation rate is directly proportional to the concentration of 
contrast agent and to the relaxivity of the agent. (Elster 1997) 

Contrast enhanced imaging is typically performed with T1-weighted sequences for two 
reasons. First, the T1 relaxation rates of tissues are normally smaller than T2 relaxation 
rates (i.e. T1’s are longer), so the proportional change in the tissue relaxation rate and thus 
contrast enhancement is greater for T1 than T2. Secondly, the effect of relaxation time 
shortening brightens the signal of the lesion in T1-weighted images in contrast to T2-
weighted images where it diminishes the signal. Formulas 2 to 4 show that the same 
uptake of contrast agent produces a higher increase of signal intensity in native 
hypointense tissue than it produces in native hyperintense tissue.  

The risk exists that, even when using T1 weighted image sequence, diminished T2 will 
suppress signal intensity in high contrast agent concentrations. Naturally, the 
concentration when this “babble” of shortened T2 is manifested depends on the 
precontrast T2 of tissue and used TE time. The linear range of signal intensity versus 
contrast agent concentration in water and saline phantoms extends approximately to 1.0 
mM for spin-echo sequences of TR 600 ms and TE 11 ms and TE 12 ms in 1.5 T imagers 
(Rand et al. 1994, May & Pennington 2000). Concentration in arteries is likely to exceed 
the above mentioned linear range momentarily after injection of contrast agent bolus 
(Fritz-Hansen et al. 1996, Andersen et al. 1996) 

Gradient-echo sequences are, in general, less sensitive to contrast enhancement. This 
seems to be due to the shorter TR times used in gradient-echo imaging. According to 
results of mathematical modeling and phantom studies the sensitivity can be improved by 
increasing TR time. Gradient-echo sequences are able to give linear signal intensity 
increase in higher concentrations than can spin-echo ones due to the possibility to use 
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shorter TE’s. Still, the wide variety of combinations of TR’s, TE’s, flip angles, RF 
spoiling and preparatory pulses may give rise to unwanted, ambiguously foreseeable 
contrast enhancement features in fast gradient-echo sequences. (Rand et al. 1994, Mugler 
& Brookeman 1993)  

2.1.3  Effects of field strength on contrast and contrast enhancement 

In addition to the net magnetization that increases in direct proportion to the external 
magnetic field strength, changes in relaxation times need to be recognized. Field strength 
dependencies of T1 of compounds and tissues are nonlinear and disparate. They can be 
measured and presented in graphical form known as the nuclear magnetic resonance 
dispersion (NMRD) curve. As stated before, T1 relaxation time depends on the presence 
of magnetic field fluctuations near the Larmor frequency. Most of the fluctuations for 
water protons are relatively low in frequency and thus T1 tends to decrease (R1 increases) 
at lower field strengths i.e. lower Larmor frequencies. As T1 changes with field strength, 
so does the optimum TR in T1-weighted imaging. Resonance frequency has much less 
effect on the T2 relaxation pathway, and T2 times tend to be relatively independent of 
field strength. (Koenig et al. 1984, Bottomley et al. 1987, Elster 1997, Weisskoff & 
Edelman 1996) 

The influence of magnetic field strength on contrast enhancement is twofold. The 
relaxivity of gadolinium based contrast agents increases as field strength decreases. Thus, 
T1 shortening is higher at lower field strengths. This indicates a strong contrast 
enhancement on T1 weighted images at lower field strengths. However, the relative 
shortening of T1 after administration of contrast agent is higher when native T1 of the 
tissue is long. This indicates a weak contrast enhancement on T1 weighted images at 
lower field strengths. It has been shown that the latter effect overcompensates the effect 
of relaxivity. As a result, low field strength is not as capable of detecting contrast 
enhancement as is high field. (Hittmair et al. 1996, Koenig 1996, Elster 1997, Rinck & 
Muller 1999) 

Knaut et al (2001) showed practical consequences of the dependence of field strength 
and contrast enhancement in brain tumors. They compared lesion-to-white-matter 
contrast in low-field (0.2 T) T1 spin-echo imaging versus that of high-field (1.5 T) MRI. 
They found that comparable contrast to standard (0.1 mmol/kg) high-field imaging 
required a double dose at low-field strength. In their study TR time was not optimized 
separately for both field strengths but an identical value (674 ms) was used.  

2.2  Intraoperative imaging in brain tumor surgery 

Opening of the dura and manipulation of brain parenchyma leads to displacement and 
deformation of the brain. What is more, it is not always verifiable by the naked or 
microscope-enhanced eye, whether tumor resection has been completed. These problems 
have led to investigation of means to image brain during operations.  
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Real-time B-mode IOUS was first used independently during brain tumor operations 
around 1980 (Rubin et al. 1980, Masuzawa et al. 1981, Voorhies et al. 1983, 
Koivukangas 1984). Since then IOUS has stayed in the armament of neurosurgeons and 
its utilization has advanced by e.g. integration to neuronavigation (Koivukangas et al. 
1993, Hirschberg & Unsgaard 1997) and application of 3D-ultrasound (Gronningsaeter et 
al. 2000). In addition to B-mode, Doppler ultrasonography has also been found to be 
useful during brain tumor resections. It has been used to visualize normal cerebral arteries 
and tumor blood flow (Kanno et al. 2005, Shinoura et al. 2005). 

Intraoperative CT was introduced about the same years as IOUS (Shalit et al. 1979, 
Shalit et al. 1982). Although its utilization is still studied (Butler et al. 1998, Haberland et 
al. 2000, Broggi et al. 2002), it has not spread to regular operating room use like IOUS. 
This is probably due to the fact that it exposes personnel and patients to ionizing radiation 
as well as the heavy and massive scanner entity when compared to IOUS.  

Other intraoperative imaging modalities include optical, fluorescence and infra-red 
imaging. These modalities can only be used to image the exposed boundary of brain. 
(Haglund et al. 1996, Stummer et al. 1998, Ecker et al. 2002) 

This thesis focuses on perioperative MRI. Soft tissue contrast and multi-planar 
imaging features as well as alterable weighting options without exposure to ionizing 
radiation make MRI an advantageous imaging modality for pre-, intra- and postoperative 
use.  

2.2.1  Intraoperative magnetic resonance imaging 

Interventional procedures have been performed in magnetic resonance imagers from the 
mid-1980’s (Mueller et al. 1986, Lufkin et al. 1988). The development of new, more 
open, imagers made possible imaging during craniotomies in the mid-1990’s. The 
Brigham and Women’s Hospital in Boston has been commonly referred as the pioneering 
center in interventional and intraoperative MRI as Jolesz and co-workers collaborated 
with General Electric Medical Systems (Milwaukee, WI, USA) in developing the first 
dedicated interventional open-MRI system. However, it was the University Hospital in 
Heidelberg where the first intraoperative MRI during a craniotomy was performed in 
May 1996 (Wirtz et al. 1997). The group in Boston performed their first craniotomy in 
the IMRI premises a month later, in June 1996. (Black et al. 1997). The next year also the 
University of Erlangen reported on their experiences with the same concept as the group 
in Heidelberg (Steinmeier et al. 1998).  

There are several different concepts for intraoperative MRI all of which, naturally, 
have both advantages and disadvantages. Some characteristics of pioneering systems are 
summarized in Table 1. 
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Table 1. Pioneering Intraoperative MRI imagers and concepts.  

Magnet Pioneering 
center* 

Pioneering 
model 

Manufacturer** Operating and imaging 
practices  

0.12 T permanent Tel Aviv PoleStar N-10 Odin Imager lowered for surgery 
0.2 T resistive Heidelberg, 

Erlangen 
Magnetom 
Open 

Siemens Surgery in fringe field or in 
adjacent OR 

0.2 T permanent Toronto Prototype not stated  Surgery in fringe field 
0.23 T resistive Oulu Proview 

(Panorama) 
Philips Magnetic field turned off for 

surgery 
0.3 T permanent Cincinnati AIRIS II Hitachi Surgery in fringe field or in 

adjacent OR 
0.5 T superconducting Boston Signa SP GE Surgery in imaging space 
1.5 T superconducting Minneapolis Gyroscan  

ACS-NT 
Philips Surgery adjacent to the 

imaging space or in fringe field 
1.5 T superconducting Galgary IMotion IMRIS Imager moved away for 

surgery 
1.5 T superconducting Erlangen Magnetom 

Sonata 
Siemens Surgery in fringe field 

* Sheba Medical Center, Tel Aviv, Israel; Departments of Neurosurgery, University of Heidelberg and 
Erlangen-Nürnberg; Oulu University Hospital, Oulu, Finland; University of Cincinnati College of Medicine, 
Cincinnati (OH), USA; Brigham and Women’s Hospital, Harvard Medical School, Boston (MA), USA; 
University of Minnesota Medical School, Minneapolis (MN), USA; Department of Clinical Neurosciences, 
The University of Calgary, Calgary (Alberta), Canada 
** Odin Medical Technologies, Yokneam, Israel; Siemens Medical Solutions, Erlangen, Germany; Philips 
Medical Systems MR Technologies Finland, Vantaa, Finland; Hitachi Medical Systems, Twinsburg (OH), 
USA; General Electric Medical Systems, Milwaukee (WI), USA; Philips Medical Systems, Best, The 
Netherlands; IMRIS, Winnipeg, Canada 

2.2.1.1  Low-field intraoperative MRI systems 

The imagers possessing a magnetic field of less than 0.5 T are here considered as a low-
field systems. The low-field concept of the Universities of Heidelberg and Erlangen are 
based on the twin operating room concept, where one OR that houses a MRI magnet is 
linked with a separate but adjacent conventional OR. Already the group in Erlangen 
widened the original twin operating room concept so that some of the operations were 
done in the imaging room, in magnetic fringe fields. The University of California 
introduced a system based on the same 0.2 T imager but now without an adjacent OR. In 
this concept all operations are performed in magnetic fringe fields. (Wirtz et al. 1997, 
Steinmeier et al. 1998, Rubino et al. 2000) 

A 0.2-T vertical-gap intraoperative MRI system was developed by a group in Toronto 
Western Hospital and University of Toronto. Also in this concept the surgery is performed 
in magnetic fringe fields. (Bernstein et al. 2000) 

The University of Cincinnati Medical Center again presented a concept based on the 
twin operating room. The novelty in the concept of Cincinnati was the 0.3 T imager and, 
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what is more important, the possibility to use the facility for both surgical procedures and 
for routine diagnostic imaging. The access for patients coming for diagnostic imaging 
was made possible by locating the facility at a site that is distinct from the hospital’s 
central OR complex. (Bohinski et al. 2001) 

A completely different concept was introduced in the same issue of Neurosurgery 
where Bohinski et al. presented their system. The compact 0.12 T movable intraoperative 
magnetic resonance imager can be positioned under the surgical table when not in use, 
thus, allowing the use of standard instruments. (Hadani et al. 2001) Although presented 
recently, this system has already been installed to several centers (Kanner et al. 2002, 
Schulder et al. 2002). A modified system with a local RF shielding has also been 
presented, thus making it possible to use the scanner in a standard OR that has not been 
initially RF shielded (Levivier et al. 2003). Recently the magnet strength in this concept 
has been modified to 0.15 T (Hunt et al. 2005). 

2.2.1.2  Mid-field intraoperative MRI systems 

The imagers possessing a magnetic field of 0.5 T to 1.0 T are here considered as mid-
field systems. The first dedicated interventional MR imager, the “double-doughnut” 
shaped 0.5 T magnet consists of two parallel vertical magnets containing a bore, and a 
56-cm wide gap in between the poles permitting vertical access to the patient (Schenck et 
al. 1995, Hushek 1999). These SignaSP imagers have been installed to several other 
centers, too (Kollias et al. 1998, Samset & Hirschberg 1999, Zimmermann et al. 2000, 
Vitaz et al. 2002). At least one other mid-field intraoperative concept has been envisioned 
(Danby et al. 1999). 

2.2.1.3  High-field intraoperative MRI systems 

There are three high-field 1.5 T intraoperative concepts introduced in scientific journals. 
The mobile imager of the University of Calgary was specially developed for intra-
operative use. In this concept the magnet is housed in a parking alcove from which it is 
moved on ceiling-mounted track beams to the surgical area when imaging is needed. This 
is done after moving non-MR compatible equipment outside the 0.5-mT line marked on 
the floor. Local RF-shielding is utilized. The patient is covered with a copper-
impregnated plexiglass tent that is placed on the OR table during imaging. (Sutherland et 
al. 1999) 

The high-field concept of the University of Erlangen-Nürnberg utilizes microscope-
based navigation in the fringe field of a general purpose imager. A rotating operating 
table turns the patient from operating position into the scanner for imaging. Recently 
Nimsky et al. reported on taking advantage of the intraoperative high-field imager by 
using diffusion tensor imaging successfully intraoperatively. (Nimsky et al. 2003a, 
Nimsky et al. 2005) 

Magnetic resonance spectroscopy and functional MRI have been performed 
immediately prior to craniotomy in Minneapolis (Liu et al. 2002, Martin et al. 2001). 
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This concept is based on a short bore general purpose imager where the patient is 
transported on a floating tabletop outside the 0.5-mT line for tumor resection. Brain 
biopsies, where rapid and repetitive imaging is needed are performed with MR-
compatible instruments at the entrance of the bore. (Maurer et al. 1998, Tummala et al. 
2001) The Minneapolis group has also performed the first neurosurgical operations 
(biopsy and tumor resection) in a dedicated 3.0 T MRI suite (personal communication). 

2.2.2  Intraoperative imaging in neuronavigation environment 

A number of neuronavigation technologies (also called frameless stereotaxy systems) 
have been developed that use preoperatively acquired magnetic resonance images 
(McInerney & Roberts 2000, Bernadete et al. 2001). The use of intraoperatively acquired 
images improves significantly the reliability of navigation by indicating the brain shift 
and the degree of resection at the moment of intraoperative imaging (Wirtz et al. 2000, 
Nimsky et al. 2000, Nimsky et al. 2001b). The advantage of intraoperatively updated 
neuronavigation is emphasized in cases where it is used to direct resection of residual 
tumor tissue visible in intraoperative magnetic resonance images in the operation cavity 
or when the brain shift has caused a major change in position of a small lesion.  

Regardless of concept, neuronavigation has been implemented to most of the intra-
operative MRI centers. In some systems it is feasible to determine the site for skin 
incision by using the surgeon’s finger as pointer when acquiring a sequence of images 
(Moriarty et al. 2000). Still, most centers with a concept where the patient can be 
operated in the imaging space (SignaSP and iMotion imagers) prefer using navigation 
devices to continuous imaging. (Samset & Hirschberg 1999, Knauth et al. 1999a, Kaibara 
et al. 2000, Bernstein et al. 2000, Zimmermann et al. 2000, Nimsky et al. 2001a, Hadani 
et al. 2001, Schulder et al. 2002, McPherson et al. 2002, Levivier et al. 2003) 

Optical navigation is the most widely used method (Samset & Hirschberg 1999, 
Moriarty et al. 2000, Kaibara et al. 2000, Bernstein et al. 2000, Zimmermann et al. 2000, 
Hadani et al. 2001, Vahala et al. 2001, Schulder et al. 2002, Gralla et al. 2003). Some 
centers utilize microscope based systems (Knauth et al. 1999a, Gralla et al. 2003, 
Levivier et al. 2003, Nimsky et al. 2003a). In Erlangen the functional MRI (fMRI) and 
magnetoencephalography (MEG) data have been integrated into navigational setup 
(Gralla et al. 2003). The magnetic wand has also been tested, as well as conventional 
frame-based stereotaxy (Hadani et al. 2001, Leonardi & Lumenta 2002, Levivier et al. 
2003). 

Devices to position brain biopsy needles, fluid drainage catheters and other 
instruments in burrhole procedures under intraoperative MRI guidance have been 
developed. These devices are fixed to the burrhole and may function independently with-
out other navigation systems (Hall et al. 2000), or may utilize an optical navigation 
system to align the imaging plane to the trajectory plane (Bernays et al. 2000). 
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2.2.3  Special issues addressed by intraoperative MRI 

Implementation of surgery with MRI introduced several challenges to otherwise 
sophisticated MRI adjuncts. RF coils designed for optimal data receiving in diagnostic 
imaging easily cover the operating area, and contrast agent functioning correctly in 
diagnostic imaging may cause improper enhancement when used during surgery.  

2.2.3.1  RF coils for intraoperative use  

Special intraoperative coils have been developed to solve the problem of surgical 
accessibility of the operating area. The positioning of the receiver coil depends on the 
main magnetic field direction. Integration of the coil into a head-holder is a pertinent 
solution for imagers having a vertical main field. These appliances have a separable 
upper part to enable operation. (Staubert et al. 2000a, Vahala et al. 2001) In an earlier 
design the coil had two separable parts, but it was not integrated to the head-holder (Wirtz 
et al. 1997, Steinmeier et al. 1998). Closed coil designs have also been used. A single-
loop, sterilizable solenoidal coil has been used in connection with a MRI-compatible 
Mayfield head-holder at the University of Cincinnati College of Medicine (McPherson et 
al. 2002). In the earlier report, development of a nonsterile, double-loop solenoidal coil 
was stated (Bohinski et al. 2001). An inductively coupled surface coil has also been 
developed in the vertical main field. This design is feasible especially in brain biopsies 
and other procedures where a head-holder is not required. It allows variable coil 
positioning and good aseptics. (Staubert et al. 2000b) 

A flexible head coil consisting of two loops connected at one side has been used in 
operations in the double-doughnut imager that has a horizontal magnetic field. It has been 
fixed to the patient’s head before sterile draping of the operation field. Surface RF coils 
of various diameters are available for the PoleStar system that also has horizontal main 
field. (Zimmermann et al. 2000, Schulder et al. 2001) 

Continuous development work can be seen in the RF coil design at the University of 
Calgary. In 1999 they reported design of four coaxial inductively coupled rings. This coil 
can be separated to two parts and mounted again without need for electrical contacts. The 
bottom half of the coil is mounted to a carbon filament head-holder. Since then, they have 
reported advances to the design resulting in improved access to the surgical field, an 
incorporated rail for the attachment of various retractor systems and altered design for the 
fixation of the upper part. In addition to this, they have added the possibility to vertically 
adjust this RF coil enclosure comprising the head-holder. (Sutherland et al. 1999, Kaibara 
et al. 2000, Sutherland et al. 2002) 

A coil consisting of two circular loops that are combined as a phased array is used in 
the short bore 1.5 T imager in Minneapolis. This coil can be integrated with both ordinary 
head-holder and stereotactic frame. (Liu et al. 2000, Martin et al. 2000) 
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2.2.3.2  Intraoperative use of contrast agents 

Contrast agent may leak into the resection cavity mimicing remaining tumor (Steinmeier 
et al. 1998, Wirtz et al. 2000, Nimsky et al. 2001b). Enhancement at the resection 
margins caused by this effect gets more pronounced the more time elapses from the 
injection of the paramagnetic contrast agent. Therefore, this problem has been lessened 
by administering the contrast agent immediately before intraoperative MR imaging and 
restricting imaging to one occasion during an operation (Steinmeier et al. 1998, Wirtz et 
al. 2000). In addition to this, immediate intraparenchymal enhancement has also been 
observed in connection to repeated electrocoagulation and ultrasound aspiration.  

Sutherland et al. have a different theory on the gadolinium enhancement beyond the 
preoperative borders of malignant lesions. Biopsy samples that they have taken of this 
enhancing zone have been histologically positive for tumor. According to Sutherland et 
al. this may indicate that tumor manipulation provokes release of angiogenically active 
molecules unique to glioma and/or that tumor-infiltrated parenchyma possesses a 
vulnerable blood-brain barrier. (Sutherland et al. 2002) 

Monocrystalline iron oxide nanoparticles (MIONs) have been proposed as one 
solution to supposed leakage of contrast agent. MIONs are taken up by malignant glioma 
cells in animal models, evoking signal increase of the tumor in T1-weighted sequences 
even when particles are almost completely eliminated from the blood. In animal studies, 
MR assessment of residual tumor after intravenously (IV) injected MIONs has been 
possible without any interfering surgically induced phenomena (Knauth et al. 1999b, 
Knauth et al. 2001). MIONs were considered as stable imaging markers, even after 
surgical manipulation of the brain, in a recently published study including two patients 
operated in an intraoperative MRI of 0.15 T (Hunt et al. 2005).  

2.2.4  The impact of intraoperative MRI on brain tumor surgery 

Intraoperative MRI alters the surgical working environment, and thus routines, variously 
depending on the chosen imager according to Table 1. Staged operating practice is 
applied in connection to most of the imagers. The intraoperative MRI environment makes 
new demands on all the OR personnel; The sterile draping of the patient has to be 
modified. Communication may be difficult as MR scanning generates noise. Some 
concepts require use of special MR-compatible surgical instruments. RF coils may 
hamper access to the operating area. Feasibility of the work of the anesthesia team has to 
be ensured in order to prevent increased risk for the patient. (Tronnier et al. 1997, 
Silverman et al. 1997, Archer et al. 2002) 

2.2.4.1  Surgical devices and instruments 

Intraoperative MRI prevents the customary use of conventional surgical adjuncts and 
instruments. The ordinary devices used in the OR i.e. suction, drill, diathermy, respirator 
and patient monitor are not regularly RF shielded and thus may cause interferences to 
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MRI or their function may be disturbed by magnetic fields. In addition to aforementioned 
interferences, when these devices containing iron parts or conventional surgical 
instruments made of ferromagnetic iron alloys are brought into the magnetic field of an 
imager, they may turn into projectiles. (Fried et al. 1996, Jolesz et al. 1998)  
Although MRI safe and MRI compatible devices and instruments have been developed 
(Jolesz et al. 1998), the double-doughnut concept remains the only one where operating 
directly in the complete magnetic field of the imager cannot be avoided. Also the latest 
concept introduced by Nimsky et al. in 2003 is based on operating beyond the 0.5 mT (5 
Gauss) line (Nimsky et al. 2003a). 

2.2.4.2  The impact on length of operation, immediate postoperative 
outcome and interval between operations 

Intraoperative MRI lengthens the operation or at least the time spend in OR. Archer et al. 
(2002) found that the mean duration of surgery in the intraoperative MRI premises with a 
high-field movable imager was 122 minutes longer than that in the conventional OR 
being 407 min (6 h 47 min) and 285 min (4 h 45 min) respectively. In their series, actual 
time spent imaging accounted for approximately 100 minutes (83%) of the increased 
duration. They did not find differences in immediate postoperative outcome when 
measured by recovery score on arrival to the postoperative care unit and length of stay in 
the postoperative care unit. Schulder et al. (2003) arrived at a comparable average added 
time of 1.6 hours with a movable 0.12 T imager. According to the experiences of groups 
working with Signa SP/i imager, this concept does not notably lengthen the surgery per 
se (Schwartz et al. 1999, Schneider et al. 2001), although the setup time in the magnet 
was reported to be approximately 1.5 hours including imaging prior to surgery (Schwartz 
et al. 1999). 

Hall et al. reported the mean time intervals between first and repeat resections for 12 
pediatric and 35 adult patients operated for brain tumor in a high-field intraoperative MRI 
suite, and compared these to corresponding intervals for patients operated in a 
conventional OR. In the intraoperative MRI group the mean time interval was 18 months 
for pediatric patients and 11.3 months for adult patients. In the conventional OR group 
the time intervals were 13.3 months and 9.3 months respectively. (Hall et al. 2002) 

2.2.4.3  The impact on the extent of resection 

The reason to develop and use intraoperative MRI is based on those research findings that 
show that greater percentage of resection and a smaller volume of postoperative residual 
tumor evoke a significant advantage to the patient. There are studies on both low-grade 
and high-grade gliomas that have come to this conclusion (Nicolato et al. 1995, 
Piepmeier et al. 1996, Albert et al. 1994). However, not all studies agree on prominent 
advantages due to aggressive resection especially of high-grade gliomas. (Kowalczuk et 
al. 1997) 
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Based on a 112 patient series Schulder & Carmel (2003) stated that intraoperative MRI 
at 0.12 T resulted in additional tumor removal in 36% of the patients. Intraoperative MRI 
confirmed that the goals of surgery had been attained in 31% of the patients, so potential-
ly harmful dissection was avoided.  

Wirtz et al. analyzed the extent of tumor removal and outcome of 95 procedures for 
supratentorial glioma treatment performed in conjunction with 0.2 T intraoperative MRI. 
The series included 66 operations on high-grade and 29 on low-grade gliomas. Intra-
operative MRI reduced the percentage of high-grade glioma cases with residual tumor to 
33.3% from 62.1% of cases operated with neuronavigation based on preoperative images 
only. The percentages for low-grade glioma cases were 24.1% and 41.4% respectively. 
Their further result makes the above mentioned observation significant: the mean 
survival time for patients with glioblastoma multiforme was 15.7 months for patients 
without residual tumor and 8.6 months for those who had residual tumor. (Wirtz et al. 
2000) 

Nimsky et al. (2002) reported that 26% of 106 resections of supratentorial gliomas 
were extended due to the results of low-field intraoperative MRI. They also found that in 
20% of cases there was a discrepancy between the surgeon’s estimation about the extent 
of the resection completeness and the result of intraoperative MRI. Percentage of 
discrepancies was highest (30%) in the grade II tumors.  

McPherson et al. (2002) studied the extent of resection in 63 patients who had glioma. 
Intraoperative MRI at 0.3 T confirmed that adequate resection had been achieved in 30 
patients (48%) after image-guided frameless stereotactic resection alone. The remaining 
33 patients (52%) still had accessible residual tumors and they underwent additional 
resections. Early postoperative MRI showed that the desired final extent of resection had 
been achieved in all 62 patients to whom this study was performed. (McPherson et al. 
2002) 

Intraoperative “double-doughnut” MRI revealed residual tumor requiring further 
resection in more than one-third of the cases in a series of 60 patients with intracranial 
tumors. In these cases tumor resection was considered complete on the basis of the 
surgical field of view alone. (Black et al. 1999) 

The first report of Nimsky et al. on high-field intraoperative MRI revealed that the 
surgical objective was not achieved in 28% of the 29 glioma resections before intra-
operative imaging studies, leading to further tumor removal. A later study of the same 
group using intraoperative high-field MRI reported that surgical procedures were 
influenced by intraoperative MRI in 36.2% of operations on 47 patients with gliomas. 
High-field intraoperative MRI reduced final tumor volumes of high-grade gliomas by 
14.1 percentage units and low-grade gliomas by 15.5 percentage units. Complete tumor 
removal was achieved in 51% of all patients operated with a low-field intraoperative MRI 
compared to only 36.2% of patients operated with the high-field imager. However, it had 
to be noted that the patient populations in the low-field study and the later high-field 
study were not well matched with respect to tumor grading and relation to eloquent brain 
areas. Nimsky et al. experienced that the intraoperative image quality was distinctly 
improved in the high-field imager when compared to the low-field one. In the study of 
Sutherland et al. (2002) including 100 gliomas (48 high-grade, 52 low-grade) the impact 
of intraoperative high-field MRI was lesser. In this study intraoperative imaging in a 
movable imager revealed that the surgical objective was not achieved in 6 (13%) high-
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grade and 15 (29%) low-grade gliomas. (Nimsky et al. 2002, Nimsky et al. 2003a, 
Nimsky et al. 2004, Sutherland et al. 2002) 

The benefit of intraoperative MRI (0.2 T) in neuronavigated removal of supratentorial 
cavernomas was minor in the study of Gralla et al. (2003) including postoperative results 
of 26 patients. Intraoperative MRI was performed in 14 cases. It showed complete 
removal after neuronavigation aided surgery alone. In the remaining 12 cases, in which 
intraoperative MRI was not performed, postoperative MRI showed total resection as well. 
The series of 21 surgical procedures in craniopharyngioma patients investigated by 
Nimsky et al. (2003b) showed that intraoperative MRI at 0.2 T can monitor cyst puncture 
and aspiration and display incomplete resections. However, complete resections indicated 
by the intraoperative low-field MRI did not exclude recurrence of the tumor.  

2.2.4.4  Postoperative complications and deficits 

Table 2 lists postoperative complications and deficits reported in scientific articles on 
intraoperative MRI. The data in Table 2 indicate significantly lower rates of neurological 
deficits than those of Sawaya et al. (1998) on a series of 400 craniotomies operated in a 
conventional OR. Presumably this is, at least, partly due to the fact that there are no 
standardized definitions for neurological deficits. Only Wirtz et al. (2000) reported a 
somewhat higher rate of neurological deficits (32.0%) than that of 20.75% for all 
neurological complications reported by Sawaya et al. (1998). The postoperative mortality 
rates usually cover deaths within 30 days after surgery. Sawaya et al. reported a mortality 
rate of 1.7%, which is also higher than in most of the reports in Table 2. However, the 
difference is not as clear as in the case of neurological deficits and blurred by the fact that 
the series of Sawaya et al. included only craniotomies for parenchymal brain tumors 
while reports on intraoperative MRI included a variety of procedures. Only Trantakis et 
al. reported a higher mortality rate (2.9%). Taking into account that one death 
significantly affects the mortality percentage of these rather small patient series, there are 
no major differences in mortality between centers. Table 2 includes data from 
approximately 911 procedures (in some studies only the number of patients is reported) 
giving rise to 6 deaths and a mortality rate of approximately 0.7%. 
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2.3  Dynamic imaging of contrast agent bolus in brain tumors 

The blood-brain barrier (BBB) usually prevents leakage of contrast agent to the extra-
vascular space in brain parenchyma. As a result, the shortening of T1 remains trivial: only 
that part of tissue water that is restricted within a small vascular volume experiences the 
agent. However, the altered susceptibility of blood caused by the high magnetic moment 
of gadolinium can be detected and utilized with T2 or T2*-weighted sequences. Hetero-
geneous distribution of magnetic field gradients interacts with protons over a longer 
distance than the T1 effect and evokes prominent signal loss that recovers concurrent with 
diminish of concentration of contrast agent in blood. (Villringer et al. 1988) 

Disrupted or missing BBB provides Gd-DTPA molecules access to extravascular 
extracellular space. This shortens the T1 relaxation time of tissue cumulatively and leads 
to increasing signal intensity on consecutively scanned T1-weighted images. As reviewed 
by Mathews et al. (1997) enhancement on T1-weighed images increases in most brain 
tumors for approximately 30 minutes after injection of Gd-DTPA. 

Instant, repetitive MR imaging after injection of a bolus of Gd-DTPA can thus be used 
to show perfusion by following the signal-time course using either T2/ T2*- or T1-
weighted imaging or both. Usually T2- and T2*-weighted dynamic imaging is referred to 
as dynamic susceptibility contrast (DSC) MRI or first-pass techniques and T1-weighted as 
dynamic contrast-enhanced (DCE) MRI, but DCE is sometimes used also as the common 
term for these perfusion imaging methods. 

2.3.1  Dynamic imaging using susceptibility based methods 

DSC methods are more commonly used than DCE ones. DSC-MRI is performed either 
by a spin-echo sequence giving T2-weighting or by a gradient-echo sequence giving T2*-
weighting (Speck at al. 2000). DSC is widely used to study cerebrovascular diseases, i.e. 
occlusion and stenoses, to which DCE methods are not applicable (Liu et al. 2003, 
Latchaw et al. 2003, Villringer et al. 1988). Methodologically DSC imaging can also be 
used to study tumor angiogenesis in tumors that do not enhance, but in cases where 
enhancement does occur, correction for the T1 effect has to be considered (Vonken et al. 
2000, Aronen et al. 1994). DSC methods require high-field scanners (1.5 T or higher) 
preferably with the use of echo planar imaging (EPI) to achieve necessary temporal 
resolution (Latchaw et al. 2003). Various analysis methods have been developed to 
quantify cerebral blood flow (CBF), cerebral blood volume (CBV) and mean transit time 
(MTT) from DSC-MRI data, or if arterial input tracer levels cannot be defined, relative 
values for these hemodynamic indices (Østergaard 2004).  
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2.3.2  Dynamic T1 weighted imaging 

Shortly after the introduction of paramagnetic contrast agents for MRI, the first studies of 
enhancement dynamics were performed according to the example given by dynamic CT 
scanning (Koschorek et al. 1987). 

Two principal methods to analyse DCE data have been used. Semiquantitative analysis 
gives variables derived more or less directly from the enhancement curve (Ikushima et al. 
1997, Ishimori et al. 2003). Contrast enhancement reflects a combination of the blood 
volume of the tissue i.e. vascularization, lesion interstitial space and in cases of intra-
axial brain tumors, blood-brain barrier breakdown. Pharmacokinetic compartmental 
analysis aims to break down the enhancement to its elements, and derive physiologic 
quantitative measures of volumes and transport parameters. Analysis by pharmacokinetic 
models may be considered more exact than semiquantitative analysis, but the relevance 
of results is not self-evident. (Parker & Padhani 2003)  

2.3.2.1  Pharmacokinetic analysis 

Pharmacokinetic modelling enables derivation of quantities like the volume transfer 
constant, volume of extravascular extracellular space (EES) per unit volume of tissue and 
the flux rate constant between EES and plasma (Tofts et al. 1999). A number of models 
for different applications and with various levels of sophistication have been developed. 
Dangers of overfitting and systematic errors do exist if data acquisition does not support 
the requirements of modelling. The change in signal intensity may not be directly 
proportional to contrast agent concentration especially in high concentrations (Chapter 
2.1.2). Thus, exact concentrations should be evaluated by measuring T1 of the tissue and 
the change in T1. This is an essential step specifically when acquiring data of arterial 
input function (AIF), as arterial concentrations of contrast agent are easily out of the 
linear range of signal intensity. Quantitative DCE-MRI measurement usually requires 
determination of AIF. Recently methods applicable without AIF have been developed 
(Yankeelov et al. 2005). Accurate AIF measurements require higher temporal resolution 
than do tissue measurements. For example, Henderson et al. (1998) came to the 
conclusion that in the case of breast cancer, accurate pharmacokinetic analysis requires 
AIF to be sampled every second and the tissue signal at least every 4 seconds. The 
demand for high spatial resolution should also be met. Using a coarse resolution worsens 
partial volume effects especially when quantifying vascular concentration of contrast 
agent. One more requirement imposed by the need for AIF is an imaging sequence 
insensitive to flow. (Parker & Padhani 2003) 

2.3.2.2  Semiquantitative analysis of contrast enhancement dynamics 

The enhancement curve i.e. signal intensity (SI) as a function of time has been analyzed 
by various parameters. The height of the peak of SI, the time to peak of SI and the slope 
to peak of SI have been measured directly from the enhancement curve (Koschorek et al. 
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1987). Although the slope of signal enhancement is related to the tumor perfusion and the 
maximum SI to the relative volume of extravascular extracellur space, there are physical 
factors affecting these SI curve parameters as mentioned before. Native T1, imager and 
sequence properties (field strength, machine gain and scaling factors) and dose procedure 
combine with the physiological factors. Parameters of time (e.g. time to maximum 
intensity) are not likely to be affected by the physical factors as much as factors of 
enhancement intensity (maximum SI, the slope to peak SI), provided that the dose 
procedure is well standardized and that the consecutive scans are performed frequently 
enough to record enhancement dynamics accurately. Therefore, some researchers have 
used only the time dependent curve parameters and qualitative descriptions of curve 
shape. They have also used the contrast-enhancement ratio (CER) to commensurate the 
intensity scales of curves. CER is defined by: 

CER = (Sn – So) × 100/(Smax – So) (5) 

where Sn indicates signal intensity at each dynamic frame; So is signal intensity on the 
image obtained before administration of contrast medium; and Smax is the maximum 
signal intensity of all dynamic frames. (Joo et al. 1995, Ikushima et al. 1997) 

Nägele et al. (1993) derived the enhancement curve and used the achieved curve of 
the rate of increase of the signal to define the time of maximum rate of increase of 
contrast enhancement and the point at which the rate of contrast increase had decreased to 
half of the maximum rate. Hittmair et al. (1994) prevented the influence of native T1 
relaxation time on the relative signal intensity increase in the spoiled gradient echo 
sequence by introducing the enhancement factor (EF): 

EF = 1/(K . TR)ln[(Stot – So)/(Stot – Sn)] ≈ Δ R1 = const . C (6) 

where K is a correction factor that depends on flip angle and Stot is the maximum 
intensity attainable. Stot can be measured on proton density images of very long repetition 
time or low flip angles (Hittmair et al. 1994). Changes in T1 relaxation times have also 
been estimated by inserting a preparatory part to the dynamic spoiled gradient echo pulse 
sequence during which native T1 is measured using variable flip angles (Ishimori et al. 
2003). 

Schwartz et al. (1998) used DCE-MRI at 0.5 T to localize sites of brain tumor 
recurrence after radiotherapy. They classified the data by the enhancement time: to early 
enhancement that occurred concurrent with the choroid plexus and venous structures, and 
to late enhancement. In this study 93.3% of the cases showing early enhancement had 
residual active tumor in pathologic analysis and 88.9% of the cases showing 
enhancement only after the initial up-take phase had reactive changes only. They also 
studied the percentual changes of signal intensity of the tumor bed at the first pass of 
contrast agent and found significant differences between cases with and without recurrent 
tumors. In those cases where recurrent high-grade astrocytoma or metastasis was found 
signal increased 50.3 ± 29.3% whereas in patients without evidence of recurrent tumor 
signal intensity increased only 15.3 ± 11.6% (Schwartz et al. 1998). 
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2.4  Meningiomas and MRI 

Meningiomas are usually benign tumors originating from meningeal cells. These 
mesodermal tumors comprise about 13% - 26% of intracranial neoplasms. Meningiomas 
are more common in females and can occur anywhere in the craniospinal space, although 
they have sites of predilection. Meningiomas are divided into subtypes on the basis of 
tissue architecture. They can also be divided according to consistency to soft, mixed and 
hard meningiomas. Hard tumors require longer operative time than soft ones (Suzuki et 
al. 1994). Histological subtype and consistency are not clearly related. Some studies have 
shown a higher prevalence of hard tumors in the fibroblastic (fibrous) subtype 
(Carpeggiani et al. 1993) and soft ones in the angiomatous subtypes (Suzuki et al. 1994). 
Surgical extirpation is the preferred treatment in symptomatic meningiomas. The ones 
involving major blood vessels or growing in the skull-base, especially those in the clivus 
(anterior to the brain stem), are technically demanding to operate. (Huk & Heindel 1990, 
Louis et al. 2000, Whittle et al. 2004, Samii & Tatagiba 2004, Haddad et al. 2004) 

2.4.1  MRI in assessing vascularity, consistency and histopathology of 
meningiomas 

Several studies have shown that T1-weighted imaging cannot be used to predict 
consistency of meningiomas (Chen et al. 1992, Carpeggiani et al. 1993, Suzuki et al. 
1994, Yamaguchi et al. 1997). Neither have there been found correlations between 
contrast enhancement and vascularity nor histopathological features (Chen et al. 1992, 
Maiuri et al. 1997). T1-weighted images could reveal sinus involvement and cystic 
changes, and flow voids have been found accurate in predicting vascularity in cases 
where they were seen. (Chen et al. 1992). 

T2-weighted imaging has been found more indicative in most studies, and tumors 
hyperintensive compared to grey matter are likely to be soft, hypointensive ones hard. 
Hyperintensity on T2-weighted images has also been reported to predict increased 
vascularity. (Chen et al. 1992, Carpeggiani et al. 1993, Suzuki et al. 1994, Yamaguchi et 
al. 1997, Maiuri et al. 1997). 

Yamaguchi et al (1997) found that none of the 23 soft meningiomas of their series of 
fifty meningiomas was hypo- or isointense compared to gray matter in T2-weighted 
images. Instead, seventy per cent of the hyperintense tumors were soft. Two of the soft 
meningiomas (9%) were hypo- or isointense in proton density images, and 78% of 
hyperintense tumors on PD images were soft ones. Carpeggiani et al. (1993) found just as 
many meningiomas isointense and hyperintense in both T2 and PD images, but they did 
not find statistically significant correlation between signal intensity and consistency or 
histology. 

Yoneoka et al. (2002) found the signal intensity of all four hard meningiomas in their 
study to be clearly heterogenous on T2 reversed images in 3 T. Soft tumors were either 
homogenous or mildly heterogenous in these images. Bright parts of tumors were stated 
to correspond to collagen-rich fibrous elements in histopathological evaluation. 
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Many studies, but not all, have found correlations between T2-intensity and 
consistency of meningiomas and correlation to histology is missing in even more studies 
(Maiuri et al. 1997). Still, fibrous meningiomas have been reported to be mainly 
hypointensive and angioblastic (angiomatous) ones hyperintensive (Chen et al. 1992, 
Suzuki et al. 1994, Carpeggiani et al. 1993, Maiuri et al. 1997). The meningoteliomatous 
(meningotelial) subtype has not been found to have typical intensity on T2-weighted 
images (Suzuki et al. 1994, Chen et al. 1992).  

2.4.2  Dynamic MR imaging in meningiomas 

Most of the dynamic studies of meningiomas have been performed at 1.5 T with the 
purpose to differentiate them and other extra-axial intracranial tumors. Joo et al. (1995) 
studied qualitative differences in CER curves between meningiomas, neuromas, 
metastases and lymphomas at 1.5 T. They found that some meningiomas enhanced 
rapidly with peak of CER curve within 60 s whereas others enhanced slowly with peaks 
at 120 s or later (Joo et al. 1995). The signal increase during the first pass of contrast 
agent on the plain DCE enhancement curve was found to be statistically significantly 
greater in 15 meningiomas than in 11 neurinomas in the study of Fujii et al. (1992). 
Uematsu et al. (2000) utilized double-echo imaging at 1.5 T with the possibility to use 
both T1 and T2* data to differentiate between meningiomas and acoustic neurinomas. 
They used the T2*-shortening effect to calculate vascularity index and leakage index 
derived from the differences between T1-corrected and T1-uncorrected change of R2* 
getting in this way a value indicating the amount of the leaked contrast agent. They found 
that both indexes were able to distinguish these two tumor types statistically. The leakage 
index of one out of 11 neurinomas overlapped with the indexes of 11 meningiomas, 
neurinomas being “leakier” than meningiomas (Uematsu et al. 2000). Changes of R1 
relaxation rate due to contrast accumulation have also been compared between 
meningiomas and neurinomas. There was not a statistically significant difference in 
change of absolute R1 during the first pass of contrast agent, but the average rate of 
change in R1 in 25 images after the first pass was significantly higher in five neurinomas 
than in seven meningiomas (Ishimori et al. 2003).  

Some studies have also been able to differentiate subgroups within meningiomas by 
dynamic imaging. Yang et al. (2003) were able to distinguish atypical meningiomas 
statistically from typical ones by using volume transfer constant derived from DSC-MRI 
study at 1.5 T. Nägele et al. (1993) found differences in the time of maximum rate of 
increase of contrast enhancement and the point at which the rate of contrast increase had 
decreased to half of the maximum rate between glomus jugulare tumors, meningiomas, 
neuromas and highly and normally vascularized adenomas. In addition, they found that 
these parameters were different for highly vascularized and normally vascularized 
meningiomas at 1.5 T. The signal increase during the first pass of contrast agent was 
found to reflect histological varieties of meningiomas at 1.5 T. Angioplastic meningiomas 
had the highest values and fibroblastic ones had the lowest values, while transitional and 
meningothelial meningiomas had intermediate values (Fujii et al. 1992). The results of 
Fujii et al. on the pattern of signal enhancement curve in different subtypes of 
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meningiomas were congruent with the ones of Ikushima et al. (1997). They found four 
out of six meningothelial meningiomas showing a sharp rise of signal intensity with a 
peak within 60 seconds from the injection of contrast agent bolus, whereas all three 
fibrous meningiomas enhanced slowly without a peak within 210 seconds from the 
injection of contrast agent. Transitional meningiomas showed various patterns in this 
study. 

Oka et al. (2002) have studied meningiomas with dynamic T1-weighted imaging. They 
reported a significant correlation between maximum signal intensity and microvessel 
density in an article written in Japanese. Unfortunately, thus far no details of the study 
have been forthcoming. 

2.5  Projection reconstruction imaging 

2.5.1  Applications 

Projection reconstruction (PR) was the first image reconstruction method proposed for 
MRI (Lauterbur 1973). Later PR has been used to achieve short scan times and motion 
insensitivity in contrast enhanced MR angiography, cardiac and diffusion imaging. Even 
a method for fast whole body MRI on a moving patient table has been proposed by 
applying this data acquisition. Most of the studies have been performed at 1.5 T, but tests 
of the feasibility of PR sequences for tool guidance in low-field interventional MRI 
procedures using phantoms and animal models have also been reported 
(Shankaranarayanan et al. 2001b). (Shankaranarayanan et al. 2001a, Trouard et al. 1999, 
Peters et al. 2000, Shankaranarayanan et al. 2003). 

2.5.2  Method 

In the PR sequence the read-out gradient rotates in the slice plane so that k-space 
trajectories are sampled radially with altering angle (Figure 1). The data is then Fourier 
transformed and collected to a sinogram. A filtered back-projection algorithm can be used 
to reconstruct images from the data of the sinograms. To enable the back-projection of a 
certain projection line, the object should not exceed the limits of the imaging volume in 
this direction. Another alternative to reconstruct images is to interpolate samples onto a 
Cartesian rectilinear grid before fast Fourier transform. Back-projection is the more 
favorable of these two in regard to the theoretical SNR. (Hiriyannaiah 1997, Lauzon & 
Rutt 1998) 
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Fig. 1. In a projection reconstruction sequence k-space trajectories are sampled radially with 
altering angle. 

The maximum distance between projection lines is πr/Νθ, where Nθ is the number of 
projections ([0,π[) and r is the radius of the object. The angular increment between 
projections is kθ = π/Νθ. Projection lines in k-space consist of Np samples collected with 
radial increment of Δkp. These factors imply that the radius of an optimally sampled 
object is: 

r ≤ ΝθFOV/(πNp) (7) 

where FOV is the rectilinear field-of-view. 
An object with radius extending outside the above described limit causes streaking 

artifacts in the final image. Unlike the undersampling in Cartesian sampling, which 
generates identical copies of objects folding over each other, angular undersampling 
creates streaks with intensity depending on the degree of undersampling. The robustness 
of the PR method with respect to aliasing has been shown to be superior to that of the 
rectilinear approach (Weiss & Rasche 1999). 

Short scan times are achieved utilizing this inherent robustness of the method for 
angular undersampling. Data sampling may also be started immediately following the 
slice-select gradient without the delay caused by the imposition of a phase gradient, 
because all sampling begins at the center of k space. PR imaging is insensitive to motion 
artifacts because low-frequency components (i.e. bulk of the object’s energy) are sampled 
for every view, thus causing oversampling and intrinsic averaging of the gross features of 
the moving structure. Movement causes merely streaks perpendicular to the direction of 
motion rather than ghosts displaced along the phase-encoding direction as in rectilinear 
sampling. Due to omission of phase encoding, flow induced displacement artifacts do not 
occur, since there is no time difference between phase encoding and readout. Formerly 

kθ

r

πr/Nθ
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the PR method was avoided due to its sensitivity to image blurring caused by main field 
inhomogeneities. Nowadays this disadvantage is of lesser importance, since optimized 
magnet designs have improved the main magnetic field homogeneity considerably. 
(Callaghan & Eccles 1987, Glover & Pauly 1992, Nishimura et al. 1991, Rasche et al. 
1994) 



3 Aims of the study 

The overall goal of the study was to implement a low-field open magnetic resonance 
scanner for perioperative imaging in neurosurgery. This was achieved by targeting the 
following aims: 

1. Development of a paradigm for joint intraoperative/interventional MRI, including 
premises, surgical practice and operational model. (I) 

2. Implementation of intraoperative MRI in connection to neuronavigation and other 
intraoperative instruments, tools and imaging modalities. (II) 

3. Assessment of low-field dynamic MR imaging with undersampled projection 
reconstruction for the study of contrast enhancement of meningiomas. (III) 

4. Evaluation of low-field MRI with dynamic contrast enhancement study for prediction 
of surgical and histopathologic characteristics of meningiomas. (IV) 



4 Patients and methods 

4.1  Patients 

Patients operated in the premises with the methods described in the studies were selected 
only according to the medical need. This research is a part of the “Intraoperatiivinen 
MRI” research that is ongoing in the Clinic for Neurosurgery at Oulu University Hospital 
and which the local ethics committee has approved. Study I includes experience of the 
first 34 neurosurgical operations and 110 radiological interventions performed in the 
premises. Study II includes data of the first 70 neurosurgical operations. An example case 
is presented in detail. Study III includes imaging results of two patients with meningioma. 
Study IV is based on evaluation of 21 patients with meningioma. This number of patients 
suffices in giving a first estimate of the applicability of the method. These patients were 
imaged with the studied imaging sequence during preoperative MR imaging. 

4.2  Methods 

The starting point for the research is a unique horizontally open resistive magnet (0.23 T) 
scanner (Proview; Philips Medical Systems MR Technologies Finland, Inc.) and a project 
with the National Technology Agency of Finland enabling set up of the intraoperative 
MRI facilities. The scanner is an iron core electromagnet one with a 44-cm patient gap. 
The magnet has been devised to be easily shut down and turned on with a 6-minute ramp 
to imaging time. 
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4.2.1  Versatile intraoperative MRI in neurosurgery and radiology 

Fig. 2. Layout of the intraoperative MRI unit at Oulu University Hospital 

Facilities were planned to provide for feasible patient transport as well as diagnostic 
imaging of outpatients (Figure 2). The scanner room was equipped as a full scale OR 
with surgical lights, anaesthesia gas inlets, a multitude of electric sockets and filtered air 
ventilation. To facilitate patient transport, a two-meter wide sliding door with a window 
was built between the operating and preparation rooms. 

The objective in planning the facilities was joint use by Departments of Neurosurgery 
and Diagnostic Radiology. This required creation of an organizational model for 
administration of the intraoperative MRI unit. Diagnostic imaging and interventions are 
supervised by the Department of Diagnostic Radiology, neurosurgical operations by the 
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Department of Neurosurgery. A board was established for co-ordinate research and 
clinical work in the intraoperative MRI premises. 

Based on the turn off capability of the magnet, a staged surgical technique was 
perfected. The patient is operated outside the magnet to offer the surgical and anesthesia 
teams adequate working space and reasonable ergonomics. While the patient is operated 
the magnet is turned off and regular OR instruments and non-MRI-compatible devices, 
including IOUS, can be used (Figure 3). While the patient is being imaged, regular OR 
products and devices are moved outside the 0.5-mT line, or out of the imaging room. 

All of the OR devices and instruments commonly used during neurosurgery are 
available in the intraoperative MRI-OR. Most of these instruments are regular OR 
products except for the patient monitoring system and respirator. All the instruments used 
during radiological interventions are MRI-compatible, as these procedures are performed 
under continuous MRI guidance.  

An optical navigator system was developed that is capable of tracking a straight 
instrument in the imaging volume (iPath-200). It consists of infra-red reflecting spheres, 
CCD cameras, control panel and a 36-inch video projector screen. The navigator is 
integrated to the MR scanner enabling intraoperative image update without landmark 
registrations. An arm-based neuronavigator Leksell Index System, specially made by 
Elekta Ab (Stockholm, Sweden) for the Department of Neurosurgery, was used 
alternatively in neurosurgical cases. This navigator can be updated by intraoperative MR 
images, too. Also a new premarket version of the iPath enabling navigation outside the 
magnet poles was tested in two neurosurgical operations in this early series. 

Fig. 3. Neurosurgical tumor resection in the intraoperative MRI unit. Use of non-MRI-
compatible instruments and devices is possible while resistive magnet is turned off. 
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4.2.2  Intraoperative imaging in a neuronavigation environment 

All the materials and methods described in the previous paragraph were in use. In 
addition an ultrasound scanner including Doppler mode (Aloka SSD-1700, Aloka Co., 
Tokyo, Japan) was utilized. The version of optical navigator capable of navigation 
outside the imaging volume was used more extensively, namely in fourteen cases. The 
arm-based navigator was used mainly during planning, surgical approach and the first 
phases of the operation i.e. using preoperative images. Electrocorticography (ECoG) was 
also available. Spatial orientation of the ECoG strip could be compared to the MR images 
with help of neuronavigation systems. 

Cortical stimulation was used as a standard tool during awake craniotomies. The 
bipolar stimulator probe could be used as a navigation probe. Thus, the location of probe 
tip could be tracked in MR images. Preoperative information on the location of eloquent 
brain areas was attained from fMRI images. 

The patient’s head was fixed with a MR-compatible prototype headholder including 
built-in RF-coil for imaging. The mechanism for adjusting head position allows rotation 
of the head with one screw, and three other degrees of freedom with another screw. 

4.2.3  Dynamic MR imaging of brain tumors at low field strength 

Two undersampled spin echo PR imaging sequences with TR 150 ms, TE 15 ms and 6 
slices, were tested: One sequence with 64 and another with 42 projections [0, π[. The 
schematics of the imaging sequences are shown in Figure 4. The nominal scan times were 
10 and 6 seconds per dynamic frame. The slice thickness in both sequences was 10 mm 
and slice gap 1 mm. Both sequences had original rectilinear FOV 300 × 300 mm, matrix 
size 216 × 216 pixels and receiver bandwidth 173.6 Hz/pixel. The resulting optimally 
sampled FOVs can be calculated with Eq. 6 giving reduced FOVs of 57 mm and 37 mm. 
Signals were received with a two-element phased array head coil. 
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Fig. 4. Schematics of the PR imaging sequences. The read-out gradient (Gr) consists of x (Gx) 
and y (Gy) fractions. Gs is the slice-selection gradient. 

4.2.3.1  Laboratory test 

A phantom experiment was performed where a rack holding two 20-ml syringes 20 mm 
in diameter, 29 mm apart from each other, was fixed in the middle of a vat 15 cm × 18 cm 
× 20 cm in dimensions. The vat was filled with 0.1 mM manganese chloride (MnCl2) in 
purified water. One of the syringes contained 2.0 mM Gd-DTPA (Magnevist, Schering 
AG, Germany) in purified water. The other syringe was exchangeable and contained Gd-
DTPA in concentrations from 0.0 mM to 5.0 mM. Both PR sequences and a rectilinearly 
sampled SE sequence with same TR and TE (imaging time 32 s, 4 slices, BW 14.8 kHz, 
matrix 216x250, FOV 250x250) were scanned 13 times while changing Gd-DTPA 
concentration in one syringe. 

4.2.3.2  Clinical tests 

The capability of the two PR imaging sequences to trace the dynamic enhancement curve 
was studied in two meningioma patients. The image data set was acquired once before 
injection of a bolus of 0.1 mmol/kg Gd-DTPA. The contrast agent was administered via 
an intravenous catheter in the antecubital vein immediately followed by 8-10-ml saline 
flush. Repetitive imaging was started simultaneously with the injection of the contrast 
agent. One of the two PR sequences was then scanned 17 times in one case and 29 times 
in the other. 

The enhancement curves were drawn using a region-of-interest (ROI) tool placed over 
the tumor in an image where the tumor was clearly detectable. The scanner software then 
calculated the curve of the mean signal intensity (in arbitrary units) inside the ROI as a 
function of time. The software calculated also the time point (in seconds) and the signal 
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intensity of the maximum enhancement, as well as slope factor and time of steepest slope. 
The time point of bolus arrival to the venous sinuses was taken from a slice where the 
sagittal sinus or parasagittal cortical veins were seen and marked as a reference line in the 
enhancement curve of the tumor. 

4.2.4  Evaluation of surgical and histopathologic characteristics of 
meningiomas using low-field MR imaging 

4.2.4.1  Preoperative low-field MR imaging 

The preoperative low-field MRI study included a T2-weighted sequence (TR 4500 ms, TE 
120 ms) and a FLAIR (TR 5715 or 6249, TE 80 or 88, TI 2000 or 2200) sequence in the 
axial plane. A T1-weighted fast spin sequence (TR 500 ms, TE 16 ms) was scanned in the 
sagittal plane before and after contast agent injection. A contrast enhanced T1-weighted 
3D field echo sequence (TR 25 or 24, TE 10 or 9.0, flip angle 35°) was imaged in the 
axial and the coronal planes.  

The dynamic T1-weighted imaging (TR 150 ms, TE 15 ms) was done using an 
undersampled projection reconstructed sequence with 42 projections [0,π[ presented in 
Chapter 4.2.3. A precontrast image frame was obtained after which the contrast agent 
bolus of 0.1 mmol/kg Gd-DTPA (Magnevist®, Schering AG, Germany) was injected to 
the antecubital vein at a rate of 3 ml/s immediately followed by 20 ml saline flush. 
Repetitive scanning of dynamic imaging frames was initiated simultaneously with start of 
contrast agent injection, and the sequence was repeated 30 times. Frames were scanned 
every 7.3 seconds for the first seven patients and every 6.8 seconds for the rest of the 
patients due to imager software upgrade. Thus, the contrast enhancement was followed 
for 219 seconds in 7 cases and 204 seconds in 14 cases. Each frame consisted of either 6 
slices or when imaged in the sagittal plane 5 slices and a saturation slab. 

4.2.4.2  Data on tumor tissue 

Neurosurgeons completed a form inquiring tumor consistency and surgical bleeding as 
continuous variables on visual analog scales (VAS) from zero to ten (soft – hard and 
scarcely vascular – very vascular). The form also included questions on other 
characteristics of meningiomas and the operation, including location of tumor, occurrence 
of cysts, calcification, necrosis, hemorrhage, infiltration, duration of operation and blood 
loss. 

Histopathological assessment of tissue blocks included subtyping and WHO grading, 
evaluation of mitotic activity (mitoses/10 HPF), grade of cellularity, grade of 
progesterone receptor expression and grade of collagen semiquantitatively (0-3) by van 
Gieson stain, proliferation activity by Ki-67 (MIB-1) marker (mean of positive 
nuclei/mm2), and microvessel density by CD34 endothelial marker (mean of stained 
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endothelial spaces/mm2). Neither the surgeons nor the neuropathologist knew results 
from the dynamic imaging before they had assessed the tumor characteristics. 

4.2.4.3  Image data analysis 

Enhancement curves were drawn as described in Chapter 4.2.3.2. using a ROI tool placed 
over the tumor in an image where the tumor had already enhanced. A slice was selected 
from the middle of the tumor. Borders of tumors were excluded to avoid partial volume 
effect. The time point of bolus arrival (steepest slope) to sinuses was taken from a slice 
where the sagittal sinus or parasagittal cortical veins were seen. This time point was 
subtracted from the time point of maximum enhancement. The obtained parameter is 
referred as Time to Maximum Enhancement. The value of maximum intensity was 
divided by the intensity of the reference ROI, drawn on white matter to get relative 
maximum enhancement. The relative intensity of tumor in the reference imaging frame 
scanned before contrast agent injection was calculated similarly to the relative maximum 
enhancement. The relative maximum enhancement was then divided by the relative 
reference intensity of tumor to get the maximal intensity increase. 

Intensities of meningiomas were quantified also on T2 and FLAIR images by drawing 
a ROI in the tumor and calculating the relative intensity value. In these images the 
reference ROI was drawn on cortical gray matter. Hence, tumors with values of relative 
intensity under 1 are hypointense, around 1 isointense and above 1 hyperintense relative 
to cortical gray matter. 

Statistical analysis was done using R 2.0.1 software (The R Foundation for Statistical 
Computing). The normality test of data was performed using the Shapiro-Wilk test. 
Kendall’s τ correlation coefficient was used to measure association, as most of the data 
did not come from a normal distribution. Two-tailed p-values were caluculated. 
Propability of correlation was assessed significant when p < 0.05. 



5 Results 

5.1  Versatile intraoperative MRI in neurosurgery and radiology 

In the first clinical series fifty-one intraoperative MRI sessions were performed in 34 
neurosurgical operations (27 brain tumor resections, 5 brain tumor biopsies, 1 extirpation 
of an arteriovenous malformation, and 1 hematoma evacuation). Five resections were 
performed as awake craniotomies with cortical stimulation of the speech and/or 
sensorimotor areas. For two of the resections, ECoG and depth electrode registration 
were used.  

Intraoperative MRI was used to guide operation or biopsy in 18 neurosurgical cases 
(determination of residual tumor in 15 cases, orientation to tumor or open biopsy site 3 
cases). For 11 (61%) of these cases, imaging changed the progress of the operation. 
Exclusion of early postoperative complication motivated imaging in 19 cases. The image 
quality was found to be adequate for the intended use. 

IOUS was used during 20 of the 27 tumor resections and in two brain biopsies. It gave 
real-time information between the MR imaging sessions. Although brain tissue contrast in 
ultrasound images is notably poorer than in MR images, ultrasound provides better 
visualization of pulsating arteries, cystic tumor components, and calcifications. In 
addition to IOUS, the use of other essential non-MRI-compatible instruments and devices 
was possible when the magnet was turned off. 

Radiologists from the Department of Diagnostic Radiology performed 110 
radiological interventions in the premises. Interventions were nerve root infiltrations, 
sacro-illiac joint injections, bone and abdominal biopsies, discographies and fluid 
collection drainages. Routinely two one-minute image sets were taken before the 
interventions. Resolution and overall image quality of these and fast 2-18 s sequences 
used to guide the needle enabled safe procedures.  

In some brain procedures and all except one radiological interventions the optical 
tracking system operating in the imaging space was used to guide the operation and 
image acquisition. This navigation was accurate enough to aim at small targets, such as 
lumbo-sacral nerve roots and sacro-illiac joints. In two operations we tested the optical 
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navigation system capable of tracking the instrument position outside the MR imaging 
space.  

The organizational model enabled joint use of the unit by radiologists and neuro-
surgeons. In diagnostic radiology, the open scanner was a valuable addition to the closed-
bore high-field scanners, especially for imaging obese, pediatric and claustrophobic 
patients. 

Out of all of the cases there were two infections: One in a case of malignant glioma 
requiring re-operation the next day for haemorrhage, and one in a similar case, in 
connection to an operation including cytostatic wafer placement in the tumor cavity. 

5.2  Intraoperative imaging in neuronavigation environment 

In the second series seventy neurosurgical patients were operated in IMRI premises, most 
of them having primary glioma. Twenty-one of these patients underwent awake 
craniotomy. Both an arm-based navigator and an optical navigator capable of tracking the 
instrument outside the imaging space were used. The mean accuracy of the arm-based 
navigator measured in nine consecutive cases was 3.8 mm. Intraoperative MR image 
update, made in five cases, increased the error by a mean of 2.1 mm. The accuracy of 
optical navigator was found to be ± 0.7 mm in laboratory tests made by the vendor. 
Actual intraoperative accuracy depends on many factors including homogeneity of 
magnetic field and slice thickness. These results will be presented elsewhere. 

Operating patients outside the scanner allowed almost normal ergonomic conditions 
for the operating team and easy access beside the patient for the anesthesia team, which 
increased safety. The shape of the scanner caused limitations for lateral positioning of the 
patient. 

The quality of images were adequate for purposes of tumor resection. However 
problems in differentiating between tumor remnants and contrast agent leakage were 
encountered. Neuronavigation systems located even small tumor remnants accurately. 
Intraoperative MRI led to continued removal of tumor in 17 cases (57%) out of 30 cases 
where it was used for controlling completeness of the resection. A snapshot of 
intraoperative navigation is shown in Figure 5. 
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Fig. 5. Intraoperative tool-coordinated navigation view showing location and size of a tumor 
remnant. Upper left: Image perpendicular to axis of instrument at its tip. Upper right and 
lower left: Images along the axis. 

IOUS with Doppler was helpful for imaging smaller arterial branches in the operating 
area. Awake craniotomies and cortical stimulation could be used for localization of the 
eloquent brain areas. Both cortical stimulation and preoperative fMRI were done in 17 
cases. Thus, it was possible to compare fMRI activations with physiological responses of 
cortical stimulation. Areas where both methods showed no proximal activity, tumor 
resection was done safely. 

There was no surgical mortality. Morbidity included 3 (4.3%) infections and 2 (2.9%) 
cases of permanent hemiparesis. 

5.3  Dynamic MR imaging of brain tumors at low field strength 

Curves depicting signal intensities as functions of contrast agent concentration are shown 
in Figure 6. Nearly linear response in signal intensity to increasing concentrations of Gd-
DTPA in purified water was seen up to a concentration of 1.25 mM. Increasing 
concentrations up to 5.0 mM did not significantly affect the signal intensity, though from 
3.0 mM upwards the intensities diminished slightly. 
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Fig. 6. Signal intensity as function of gadolinium concentration. PR-SE sequence of 64 
projections (■), 42 projections (▲), and Cartesian sampled SE (♦). TR 150 ms and TE 15 ms 
in all sequences. 

The patient cases showed that fibrous meningioma enhanced slowly without a peak 
within 210 seconds, and meningothelial meningioma faster with peak enhancement 
within 60 seconds from injection of the contrast agent bolus. Although the image quality 
was degraded by streaking artifacts from angular undersampling, the enhancement 
patterns could still be read. MRI images of the patient cases are shown in Figures 7 and 8. 
Anatomical FFE3D contrast enhanced images are displayed in Figures 7 a and 8 a. The 
acquired enhancement curves of the tumors and the used ROIs are shown in Figures 7 b 
and 8 b. The vertical line depicts the arrival of the bolus to the parasagittal cortical vein in 
Figure 7 b and to the sagittal sinus in Figure 8 b. The enhancement curves of above 
mentioned veins with the used ROIs are displayed in Figures 7 c ad 8 c. In one case the 
longer diameter of patient’s head was five times and another four times the diameter of 
the optimally sampled object. Both patients were operated on in the intraoperative MRI 
facilities on the next day. 
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Fig. 7. Patient with frontoparietal fibrous meningioma. (a) Anatomic contrast enhanced 
FFE3D-25/10 image. (b) Dynamic contrast-enhanced PR-SE image of 42 projections with 
curve of contrast enhancement. An arrow points to the tumor area overlaid with the ROI. 
The vertical line depicts the arrival of the contrast agent bolus to the parasagittal vein. 
Maximum enhancement was reached at the end of study 211 s from the onset of contrast 
agent injection. Division of intensity by amplication factor gives a value of 49 arbitrary units 
for the maximum enhancement. Maximum slope factor was 0.44 a.u./s at 25 s. (c) Dynamic 
contrast-enhanced image with enhancement curve of parasagittal vein. An arrow points to 
the used ROI. 

Fig. 8. Patient with frontotemporal meningothelial meningioma. (a) Anatomic contrast 
enhanced FFE3D-24/9 image. (b) Dynamic contrast-enhanced PR-SE image of 64 projections 
with curve of contrast enhancement. An arrow points to the tumor area overlaid with the 
ROI. The vertical line depicts the arrival of the contrast agent bolus to the sagittal sinus. 
Maximum enhancement was reached at 58 s. Division of intensity by amplication factor gives 
a value of 40 arbitrary unists for the maximum enhancement. Maximum slope factor was 0.55 
a.u./s at 37 s. (c) Dynamic contrast-enhanced image with enhancement curve of sagittal sinus. 
An arrow points to the used ROI. 
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5.4  Evaluation of surgical and histopathologic characteristics of 
meningiomas using low-field MR imaging 

Six out of seven skullbase tumors were meningothelial meningiomas, and all three 
secretory ones were in the sphenoidal wing (Table 3). One tumor did not contain any 
collagen, and eight of the 12 meningothelial meningiomas had only scarce amounts of 
collagen (grade 1) (Table 4). 

Table 3. Locations of different types of meningiomas 

Location Meningothelial Fibrous Secretory Psammomatous Angiomatous 
Sphenoidal wing 1 1 3  1 
Falx 2     
Other convexity 3 2  1  
Skullbase  6 1    

Table 4.  Collagen content by subtype. (grade 0 – no collagen, grade 3 – high collagen 
content) 

Collagen Meningothelial Fibrous Secretory Psammomatous Angiomatous 
Grade 0 1     
Grade 1 8  1  1 
Grade 2 2 3 2   
Grade 3  1 1  1  

Table 5 summarizes the found correlations between imaging and surgical and histological 
parameters by values of Kendall’s τ. No correlation was found between any dynamic 
imaging parameter and tissue hardness nor between time to maximum enhancement and 
blood loss or progesterone receptor expression. Relative intensities on T2 and FLAIR 
images did not correlate with microvessel density. 

Correlations between surgical and histological parameters are shown in Table 6. 
Surgical bleeding correlated with microvessel density (τ = 0.37, p = 0.020), and tissue 
hardness with grade of collagen (τ = 0.33, p = 0.034). The two statistically most 
significant correlations shown in Table 6 are between the grade of collagen and blood 
loss during operation (τ = -0.56, p < 0.001) and between progesterone receptor expression 
and surgical bleeding(τ = 0.47, p = 0.003). Other significant correlations were between 
surgical bleeding of tumor tissue and tissue hardness (τ = -0.50, p = 0.002), collagen and 
the grade of progesterone receptor expression (τ = -0.46, p = 0.003) as well as collagen 
and microvessel density (τ = -0.42, p = 0.008). The correlation between surgical bleeding 
and blood loss was not statistically significant (τ = 0.26, p = 0.097).  
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Table 5. Correlations between MRI and tissue parameters expressed by values of τ 
correlation coefficient 

Imaging 
parameter 

Hardness Surgical 
bleeding 

Blood loss Progesterone 
receptors 

Microvessel 
density 

Collagen 
content 

Time to max. 
enhancement 

NS -0.39 
(p=0.014) 

NS NS -0.60 
 (p<0.001) 

0.38 
(p=0.016) 

Maximum 
enhancement 

NS 0.39 
(p=0.013) 

0.41 
(p=0.009) 

0.46  
(p=0.004) 

0.39 
(p=0.014) 

-0.37 
(p=0.020) 

Maximal 
intensity increase 

NS 0.35 
(p=0.026) 

0.39 
(p=0.013) 

0.39 
(p=0.014) 

0.46  
(p=0.004) 

-0.32 
(p=0.043) 

Relative intensity 
T2 

-0.40 
(p=0.012) 

0.44 
(p=0.005) 

0.42 
(p=0.008) 

0.41  
(p=0.009) 

NS -0.52 
(p=0.001) 

Relative intensity 
FLAIR 

-0.35 
(p=0.028) 

0.49 
(p=0.002) 

0.49 
(p=0.002) 

0.59  
(p<0.001) 

NS -0.54 
(p<0.001) 

NS – not significant (p > 0.05) 

Table 6. Correlations between histological and surgical parameters expressed by values 
of τ  correlation coefficient 

Histological parameter Surgical bleeding Hardness Blood loss 
Progesterone receptors 0.47 (p=0.003) -0.40 (p=0.012) 0.40 (p=0.010) 
Microvessel density 0.37 (p=0.020) NS NS 
Collagen content -0.31 (p=0.047) 0.33 (p=0.034) -0.56 (p<0.001) 
Cellularity 0.32 (p=0.041) NS NS 
Ki-67 NS -0.37 (p=0.019) NS 
NS – not significant (p > 0.05) 

The studied imaging parameters were correlated with each other (Table 7). The strongest 
correlation was found between maximal intensity increase and maximum enhancement 
(τ = 0.77, p<0.001).  

Table 7. Correlations between pertinent MRI parameters expressed by values of τ 
correlation coefficient 

Imaging parameter Time to max. 
enhancement 

Maximum 
enhancement 

Max. int. 
increase 

T2 

Maximum enhancement -0.50  
(p=0.002) 

   

Maximal intensity increase -0.60  
(p<0.001) 

0.77  
(p<0.001) 

  

Relative intensity T2 -0.31  
(p=0.049) 

0.50  
(p=0.001) 

0.41  
(p<0.009) 

 

Relative intensity FLAIR -0.42  
(p=0.007) 

0.64  
(p<0.001) 

0.58 
 (p<0.001) 

0.73 (p<0.001) 

Intensities in FLAIR and T2-weighted images were also highly correlated (τ = 0.73, 
p<0.001) (Fig. 9). 
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Fig. 9. Relative intensity of tumor tissue (tumor vs. cortical gray matter) of each patient on 
T2-weighted and FLAIR images. 

5.4.1  FLAIR and T2-weighted images 

Surgical bleeding (τ = 0.49, p = 0.002), blood loss (τ = 0.49, p = 0.002), progesterone 
receptor expression (τ = 0.59, p<0.001) and amount of collagen in tumor tissue 
(τ = -0.54, p<0.001) correlated best to relative intensity of meningioma in FLAIR images. 
Figures 10, 11, 12 and 13 present these parameters in each case.  
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Fig. 10. Relative intensity (tumor vs. cortical gray matter) on FLAIR images versus surgical 
bleeding of tumor tissue evaluated on VAS (τ = 0.49, p = 0.002). 

Fig. 11. Relative intensity of tumor tissue (tumor vs. cortical gray matter) on FLAIR images 
versus blood loss in operation (τ = 0.49, p = 0.002). 
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Fig. 12. Relative intensity of tumor tissue (tumor vs. cortical gray matter) on FLAIR images 
versus grade of progesterone receptor expression evaluated on scale 0-3 (τ = 0.59, p < 0.001). 

Fig. 13. Relative intensity of tumor tissue (tumor vs. cortical gray matter) on FLAIR images 
versus grade of collagen content evaluated on scale 0-3 (τ = -0.54, p < 0.001). 

Hardness of meningiomas correlated best to relative intensity on T2-weighted images (τ = 
-0.40, p = 0.028) (Figure 14). 
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Fig. 14. Relative intensity (tumor vs. cortical gray matter) on T2-weighted images versus 
hardness of tumor tissue evaluated on VAS (τ = -0.40, p = 0.012). 

5.4.2  Dynamic imaging 

The most powerful association found was between time to maximum enhancement and 
microvessel density (τ = -0.60, p < 0.001). Time to maximum intensity forms a log-
arithmically descending curve with increasing microvessel density (Figure 15). All eleven 
meningiomas having more than 100 capillaries/mm2 and only two that contained less 
enhanced to maximum within 60 seconds. The mean microvessel density was 162 
microvessels/mm2 and the median 111 microvessels/mm2. All four fibrous but only three 
of the twelve meningothelial meningiomas took more than 60 seconds to reach maximal 
enhancement. All three secretory meningiomas reached maximal enhancement within 60 
seconds.  
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Fig. 15. Time to maximum intensity on dynamic study versus microvessel density (τ = -0.60, p 
< 0.001). m = meningothelial, f = fibrous, s = secretory, p = psammomatous and a = angioma-
tous meningioma.  

Nine out of twelve meningothelial tumors, all three secretory, but none of the four fibrous 
ones enhanced rapidly then gradually declined in intensity. Three meningothelial 
meningiomas and one fibrous one enhanced relatively rapidly followed by nearly 
constant intensities. Three out of four fibrous meningiomas showed slow increase of 
intensity without a clear turning point within the imaging time.  
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6 Discussion 

This report documents the concept and user experiences of the first intraoperative MR 
system with fast shut down capability. It also expands the idea of intraoperative to 
perioperative MRI: Comparability of images requires the use of the same scanner 
thoughout the perioperative phase, in pre-, intra- and postoperative imaging studies. 
Perioperative imaging is one of the conveniences of the joint use of the premises with 
Departments of Neurosurgery and Diagnostic Radiology. Preoperative use of the scanner 
was developed and studied in connection to meningioma surgery. 

6.1  Versatile intraoperative MRI in neurosurgery and radiology 

The horizontally open resistive magnet enables a staged imaging protocol during those 
neurosurgical operations where, in our experience, there is usually no need for continuous 
imaging. The low-field strength prevents intraoperative functional MRI and spectroscopy. 
In our concept those imaging modalities are scanned preoperatively in high-field 
scanners, if needed, thus saving operation room time and enabling the use of this data in 
preoperative planning. At the same time the resistive low-field magnet lessens 
susceptibility based artifacts, and – what is important in our concept – enables easy shut 
down/turn on of the magnet.  

In our opinion reliability, practicability and economic aspects call for the use of some 
non-MRI-compatible instruments and devices in the context of intraoperative MRI. 
Several centers where the patient is not in the full magnetic field during the actual 
operation seem to share this view. (Bernstein et al. 2000, Rubino et al. 2000, Sutherland 
et al. 2002, Nimsky et al. 2005) 

We have been able to avoid safety risks associated with operating in fringe fields by 
turning off the magnetic field. This possibility has also minimized the distance that the 
patient has to be moved between the imaging and surgical spaces to about 70 cm. 
Nowadays navigation of tumor remnants is done routinely on the spot in the surgical 
space. 

The development of an adjustable operating table has been proven to be more 
challenging than we expected. We are still applying a separate anti-Trendelenburg 
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elevator on top of the imaging table, and we are about to get a new more sophisticated 
version of it. 

Image acquisition based on optical instrument tracking without a separate pointing 
device has been of great benefit for puncturing deep structures in radiological 
interventions (Ojala et al. 2000). Intermittent image acquisition helped to confirm 
instrument localization in critical anatomic areas and was easily achieved in the plane of 
the instrument. The C-shaped MR scanner provided horizontal access to the patient from 
several angles, and the intended interventions could be carried out as envisioned. 

Intraoperative MRI has been evaluated to be prohibitively expensive, and logistically 
too demanding for widespread use (Barnett 2004). Working in close collaboration with 
diagnostic radiology by using the same imager for diagnostic imaging, interventions and 
nowadays also for pediatric and ENT operations, has reduced costs. This clearly enhances 
the economic rationale, since the need for intraoperative MRI in neurosurgery is limited 
by the size of our catchment area. The possibility to use normal, non-MRI-compatible, 
instruments and devices also effectively cuts costs. The concept of joint premises 
increased the organizational burden compared with solutions developed only for neuro-
surgical use at the outset. Nowadays as the joint use of intraoperative imaging premises 
has become routine, it is a viable organizational arrangement that the Department of 
Diagnostic Radiology administers also this imager. 

According to our experiences there are many brain tumor patients to whom resection 
in a conventional operating room, possibly aided by neuronavigation, offers comparable 
benefit with intraoperative MRI guided surgery. Still, there are some patients, especially 
those with small deep seated tumor, whose prognosis intraoperative MRI guided 
operation may alter significantly. 

6.2  Intraoperative imaging in neuronavigation environment 

Our experiences with neuronavigation and intraoperative MR-guidance are similar to 
those of earlier reported systems. It has a valuable effect on surgical decision making. 
The detection and localisation of small tumor remnants leads to more radical tumor 
resection (Nimsky et al. 2004). However, the effect of this on prognosis of the patient has 
not yet been thoroughly investigated especially in cases with high-grade gliomas. 
However, the study of Wirtz et al. (2000) on effects of intraoperative MRI on survival 
times together with a few other studies, supports the theory that safe radical resection 
improves the quality of life and lengthens survival time (Lacroix et al. 2001, Keles et al. 
1999, Albert et al. 1994). 

The value of fMRI as a preoperative investigation increased over time as the 
experience on the method, e.g. individual variation to activation threshold values, 
increased. Our observation correlates in this respect with an earlier study by Roux et al. 
(2001). However, operations near critical brain areas were done as awake craniotomies 
using electric cortical stimulation as a gold standard. Fusion of images for neuro-
navigation systems is needed to spatially match the simulation site to the fMRI 
activations. 
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IOUS and intraoperative MRI can each be used alone, but together they supplement 
each other. IOUS gives supplementary information to intraoperative MR images e.g. 
details of cystic tumors, vascular structures and even distantly located hemorrhages, the 
latter in real-time. For safe neurosurgical operations both IOUS and MRI modalities can 
be recommended. 

The complications in our patient series do not seem to be clearly related to the use of 
intraoperative MRI. Still, the incidence of complications has been lower during the last 
years, which is perhaps related to the development of routine protocols and to the 
learning curve associated with complex new methods and practices. However, the 
concern for patient safety requires constant follow-up. 

6.3  Dynamic MR imaging of brain tumors at low field strength 

Figures depicting signal intensities as functions of contrast agent concentration show how 
T2 relaxation starts to attenuate the signal intensity at high concentrations of Gd-DTPA. 
At above 1.25 mM concentration the signal intensity stays nearly constant until it starts 
diminishing above 3.0 mM. In earlier studies performed in a 1.5-T imager using SE 
sequences with TR 600 ms and TE 11 ms or 12 ms, the linear range of signal intensities 
extended to approximately 1.0 mM (Rand et al. 1994, May & Pennington 2000). 
Comparison with those results demonstrates the shortening of T1 relaxation time in the 
low magnetic field as a TR of 150 ms in the present study gave comparable results. The 
results also showed that the studied projection reconstructed sequences give congruent 
signal intensities with rectilinearly sampled SE notwithstanding the streaking artifacts 
caused by undersampling. The signal intensities were higner in projection reconstructed 
sequences due to the absence of phase encoding steps that diminish the received signals.  

Although the T1 and T2 relaxation times of purified water are not the same as for 
tissue, the results still suggest that the undersampled projection reconstructed sequences 
respond linearly to the accumulation of contrast agent in the tumor. The typical peak 
concentration of Gd-DTPA in arteries when using a bolus of 0.1 mmol/kg injected within 
a maximum of 10 seconds has been less than 3 mM in earlier studies (Andersen et al. 
1996, Fritz-Hansen et al. 1996). As the peak is sharp and the concentration in arteries 
diminishes rapidly, the concentration in the extravascular space, i.e. tumor tissue, will 
remain substantially smaller. 

The patient cases showed that the studied projection reconstructed sequences in a low-
field imager give enhancement patterns consistent with the earlier study of Ikushima et 
al. (1997) performed in a 1.5-T imager. Ikushima et al. used the CER (Eq. 5) that was 
divided into three patterns: peak enhancement within 60 seconds, between 60 and 210 
seconds, and one with slow increase without peak within 210 seconds from contrast agent 
administration. CER scales the enhancement curve so that the maximum enhancement 
always gives a CER value of 100, without altering the original curve shape otherwise. In 
the study of Ikushima et al., all three fibrous meningiomas showed a pattern without peak 
within 210 second, while four out of six meningothelial meningiomas showed peak 
enhancement within 60 seconds. In the present study consistent patterns were found as 
the fibrous meningioma enhanced slowly without peak within 211 seconds and 
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meningothelial meningioma reached the peak enhancement 58 seconds from injection of 
bolus. In addition, the gradual decline of enhancement of meningothelial meningiomas 
was seen in both studies. 

The applicability of intensities of venous sinuses is restricted by the partial volume 
effect due to 1-cm slice thickness. The arrival of contrast agent bolus to a vein can still be 
used as a reference time to eliminate the different delays caused by extracerebral 
differences in vascular system. 

The contour of the head in the sagittal plane exceeded the imaging volume in case 2, 
and so part of the projection lines could not be reconstructed. Still, this sequence, 
originally with 64 projections, could image the enhancement. Use of a saturation slab is 
recommended in these cases, even if it reduces obtainable slices from six to five. The 
position and plane of the imaging stack has to be considered carefully to include both 
tumor and sagittal sinus or parasagittal cortical veins to the imaging slab, especially if a 
saturation slab is used. Elimination of flow induced artifacts still adds on requirements; 
The used vein should be parallel to imaging plane  

The SNR of projection reconstructed images compared to Cartesian sampling has 
raised divergent opinions. The filtered back projected PR has been seen to have slightly 
superior noise power attenuation because the data sampling is concentrated at the center 
of k-space, where the local SNR is at its highest (Callaghan & Eccles 1987). Pipe and 
Duerk (1995) considered SNR from its definition as 1/(variance)1/2. Utilizing their results, 
Lauzon and Rutt (1996) first came to the conclusion that SNR in polar sampling 
approaches 0.866 of that in Cartesian sampling when using gridding reconstruction 
(GRD) in which noncartesian samples are interpolated onto a Cartesian rectilinear grid. 
Later the same authors deduced the SNR of backprojected polar sampling to be 1.370, or 
1.725 better than that of GRD polar sampling, the ratio depending on the used filter 
(Lauzon & Rutt 1998). Later Shankaranarayanan et al. (2001a) reasoned that when using 
radial trajectories, π/2 times the number of samples is needed to achieve similar SNR as 
in Cartesian sampling with identical FOV and spatial resolution. However, they stated 
that reconstruction methods also play an important role in determining the final SNR, 
preferring the backprojection over the regridding method. In practice, the theoretical SNR 
does not play an important role when an exact Cartesian sampled counterpart to the PR 
sequence cannot be imaged due to hardware limitations. Moreover, in the case of 
undersampled PR, the degree of undersampling affects the image quality more than does 
the theoretical SNR. 

The degree of undersampling was significant in both patient cases, as the maximum 
diameter of patient’s head in the image plane was five and four times the diameter of an 
optimally sampled object. Nevertheless, adequate enhancement curves were received in 
both studies. 

Dynamic studies of contrast enhancement can be performed in low field imager using 
the FFE sequence (Parkkola et al. 2001). Cartesian sampled SE sequences give purer T1 
contrast, but optimization between imaging times and number of slices is not likely to 
succeed. The undersampled PR SE sequence enables shortening of imaging times. 
Unfortunately, slow data processing obliterated a part of the advantage in this study. 
Nowadays, updates of imager software have speeded up the frequency at which the 
imaging frames can be repeated. 
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6.4  Evaluation of surgical and histopathologic characteristics of 
meningiomas using low-field MR imaging 

The negative correlation between time to maximum enhancement with increasing 
microvessel density should be clinically useful especially in meningiomas involving 
major blood vessels or growing in the skullbase. These tumors are technically demanding 
to operate, especially those at the clivus (anterior to the brain stem) (Whittle et al. 2004, 
Samii & Tatagiba 2004, Haddad et al. 2004). The dynamic contrast enhancement study 
could also be useful when considering preoperative embolisation of a tumor’s feeding 
arteries.  

Results of the dynamic study agree with those of Nägele et al. (1993) who found that 
highly vascularized meningiomas enhanced more rapidly than ones with less 
vascularization. The maximum enhancement correlated in this study with microvessel 
density as in the study of Oka et al. (2002), although the correlation was not as high as 
that between time to maximum enhancement and microvessel density. Association of 
microvessel density with proliferation marker was not found in the studied meningiomas, 
although in gliomas this correlation has been found (Tynninen et al. 1999). This may be 
due to the overall minor proliferation rate typical for meningiomas. The dynamic curve 
shapes in this study were well in accordance with those reported by Ikushima et al. 
(1997). In both studies most meningothelial meningiomas enhanced rapidly and then 
declined in intensity, whereas none of fibrous meningiomas showed this pattern. 

The correlation between time to maximum enhancement and microvessel density is 
logical and expected as the up-slope of the dynamic curve depends on tissue perfusion. It 
should still be noted that CD34 staining does not indicate the functional state of the 
vasculature: all visible microvessels are not perfused at any given time. In contrast, 
cellularity of tissue did not correlate with maximum intensity or maximal intensity 
increase as could be expected. Cellularity could affect the volume of the extracellular-
extravascular space and thus also the parameters of maximum enhancement. 

Preoperative assessment of collagen content and progesterone receptor expression may 
also be clinically useful. Progesterone receptor expression seems to correlate with most 
imaging parameters, the best correlation being with FLAIR intensity. High intensity on 
FLAIR images predicts high progesterone receptor expression and minor amounts of 
collagen. Accordingly hypointensiveness on FLAIR images predicts low or absent 
progesterone receptor expression and high amounts of collagen, but also points to less 
blood loss and surgical bleeding. This finding may be useful since absence of 
progesterone receptors has been related to the tendency of meningioma to recur and also 
to poor outcome (Roser et al. 2004, Louis et al. 2000). It is unlikely that the receptors per 
se affect MR images but the association may come across other tissue characteristics with 
which the receptors are related. One possible explanatory factor may be the association of 
progesterone receptor expression to collagen content (τ = -0.46, p = 0.003). The 
correlation of T2-weighted and FLAIR imaging with collagen content is in agreement 
with a previous study where intensity on T2-weighted images was found to correlate with 
the percentage of collagen content in pituitary adenomas (Iuchi et al. 1998). The 
correlation of intensity on T2 images points to correlation also on FLAIR images as 
intensities of meningiomas in these two imaging sequences are highly connected. 
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Evaluation of tumor hardness by relative intensity in T2-weighted images is not likely 
to have much clinical value despite the high value of τ. The correlative trend seems to be 
due mainly to the rare soft and hard tumors being highly hyperintense and hypointense, 
respectively. Still, the results support the previous findings correlating hyperintensiveness 
in T2-weighted images to tissue softness (Chen et al. 1992, Suzuki et al. 1994, Yamaguchi 
et al. 1997). Our results showing correlation between T2 intensity and vascularity are 
partly in contrast with earlier studies. In this study the intensity in T2-weighted and 
FLAIR images correlated with the vascularity (surgical bleeding) as evaluated by the 
neurosurgeon as it did in the study of Chen et al. However, these intensities did not 
correlate with the microvascular density as in the study of Maiuri et al. (1997).  

The effect on duration of operations is not likely to appear in the present data because 
the meningiomas were operated by several surgeons with different operating speeds and 
five of the operations were performed in intraoperative MRI facilities while the others 
were done in a conventional operating room. The surgeons’ evaluations of vascularity and 
consistency of tumor tissue were degraded by the fact that they were made by several 
surgeons. The surgical bleeding of tissue depends on microvessel density, but also on the 
functional state and diameter of these vessels. The hardness of tumor was only partly 
associated with the grade of collagen content. The measurement of enhancement 
dynamics is bound to yield a higher proportion of inaccuracy in cases with rapid 
enhancement, due to long sampling intervals (i.e. imaging time per frame of dynamic 
images). 

The advantage of dynamic imaging over more conventional imaging sequences is 
interchangeability of some parameters. The time of maximum enhancement and curve 
shape probably remain unchanged even if imaging is done in another field strength when 
dynamic frames are scanned frequently enough by a T1-weighted sequence. The 
comparability across field strengths of T2 and FLAIR sequences is less straightforward as 
values of TR, TE and IR are less universal. This was a pioneering study on assessing 
operability of meningiomas with low-field MRI including dynamic contrast enhancement 
assessment. Further studies are needed to establish the future potential of this imaging 
scheme. 



7 Conclusions 

The present study concentrated on the physico-technical aspects of the use of low-field 
MRI in a pioneering perioperative format. We strived to maximally benefit from the 
unique premises that we developed with the vendor. The overall perioperative MRI 
paradigm can be encapsulated to two characteristics:  

− Joint use of the facilities between departments of neurosurgery and diagnostic 
radiology that enhances the economic rationale, provides for perioperative imaging 
and is organizationally viable in the long run.  

− Shut down possibility of the magnet that enables staged operating practice, use of non-
MRI-compatible instruments and devices, multimodal imaging with navigation, and 
avoidance of safety risks associated with operating in magnetic fringe fields. 

Dynamic MR imaging in the low-field using undersampled projection reconstruction can 
be used to follow contrast enhancement of meningiomas. 

Low-field MR imaging of meningiomas including the above mentioned sequence can 
be used to evaluate microvessel density of meningioma. It also contributes to assessment 
of progesterone receptor expression and collagen content of tumor tissue, blood loss 
during operation and surgical bleeding. In some cases the consistency of the tumor may 
also be inferred from the imaging results. 
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