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“The essence of neuro-surgery
is that we help others through
skills that see and touch the ner-
vous system. We work in compli-
cated, small, even tiny places
where taking the wrong road
may cause great damage. The
study of this complicated art is
to take what is a delicate, awe-
some, and fateful experience
for our patients and make it
accurate, gentle and safe.” Albert
L. Rhoton, Jr., MD, former pres-
ident, American Association of
Neurological Surgeons

“No technique in neuro-
surgery would be too refined,
particularly in reference to the
ability to localize lesions.” Lars
Leksell, MD, pioneer developer
of the Gamma Knife

The two greatest advance-
ments in the practice of neuro-
surgery have been the introduc-
tion of the operating micro-
scope and the development of
magnetic resonance imaging
(MRI).

The operating microscope
provides stereoscopic vision
with intense illumination,
allowing for the microscopic
delineation and preservation of
neural and vascular structures.
The increased visual accuracy,
smaller cortical incisions,
decreased need for retraction,
and pinpoint hemostasis and
dissection made possible
through use of the operating
microscope has allowed sur-
geons to reach deep areas of the
brain with decreased operative
morbidity and mortality.

MRI has allowed for im-
proved localization and diagno-
sis of intracranial lesions. Its
improved tissue contrast prop-
erties and variety of imaging
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modalities have allowed special-
ists to diagnose low-grade
tumors that were invisible on
previous CT studies. The versa-
tility of MRI has been demon-
strated in its ability to image
not only brain tissue and asso-
ciated pathology but also the
arterial supply (MR angiogra-
phy), venous drainage (MR
venography), cerebral spinal
fluid dynamics (MR flow
study), metabolic properties
(MR spectroscopy), localization
of eloquent cortex (MR func-
tional study), and neural con-
nectivity (MR tractography).

A combination of the two
techniques to improve localiza-
tion and minimize surgical
trauma is implemented in cur-
rently available image guidance
systems. The patient is pre-
operatively scanned with a
series of fiducial markers
placed on the skin of the skull.
After the patient is positioned
for surgery, the fiducial markers
are used to register the brain
and associated structures in
three-dimensional space using
the image guidance system.
The surgical approach is then
planned using this information,
and a variety of instruments
can be registered in the system
to allow for localization.

The main weakness of this
system is demonstrated at the

time of surgery. Opening of the
skull and dura and the resulting
drainage of cerebral spinal fluid
can cause the brain to shift its
position considerably (up to 1
cm), making the guidance data
of limited use. This shift and
tissue distortion is only magni-
fied with the resection of tumor
or manipulation of the brain
with retractors. A variety of
methods have been used to
circumvent this problem. Intra-
operatively obtained ultrasound
and CT data have been used.
However, both techniques lack
the necessary tissue contrast
properties and inherent flexibil-
ity of the pre-operative MRI
scan.

Ideally, a system would
allow the surgeon to plan the
surgical approach using the
most accurate functional and
anatomic data available, and
then be able to update this
data intra-operatively to allow
for the inevitable shift caused
by surgery. The use of intra-
operative MRI (IoMRI) allows
for this possibility. Although the
data is not updated in real time,
it is possible to scan the patient
at any time during surgery. A
variety of paradigms have been
implemented utilizing both low-
and high-field scanners. Below
we describe the system at
Abbott Northwestern Hospital

in Minneapolis and our experi-
ence utilizing this technology.

Description of loMRI

The ToMRI room at Abbott
Northwestern Hospital is an
integral part of the operative
room suites. It is uniquely dedi-
cated to surgical procedures
with designated nursing, surgi-
cal technologist, and anesthesia
staff.

The ToMRI consists of a
ceiling-mounted 1.5-Tesla
Espree Scanner (Siemens Wide-
Bore 70 cm) adapted by Imris
(Fig. 1). The scanner is kept
outside the OR in a shielded
closet for most of the procedure
and is brought into the OR only
when it is needed for imaging.
This has several advantages for
the patient and OR staff. First,
since the OR is outside the
5 gauss line for most of the pro-
cedure, the OR can be normally
sized and equipped. Second, the
scanner is not an obstacle to be
worked around and does not
require patient movement,
making it less likely to disrupt
an important line or monitoring
device. Third, an operating
room table can be used for
patient positioning, allowing for
increased versatility and safety.

For patients undergoing
planned intracranial proce-
dures, a high-resolution, thin-
slice MRI of the brain is
obtained 24 to 48 hours in
advance. Advanced pre-opera-
tive scanning is particularly
important for tumors that
enhance with the administra-
tion of gadolinium contrast.
Immediate pre-operative con-
trast administration can lead to
a progressive “leak” of contrast
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FIGURE 1. View of the ceiling-mounted 1.5-Tesla
Espree Scanner (Siemens Wide-Bore 70 cm) adapted
by Imris docked to the operating room table in the
scanning configuration. Non-MRI-compatible equip-
ment, such as the operating microscope and image
guidance display monitors shown in the upper right-
hand side of the picture, are moved beyond the 5
gauss line demarcated by the white area on the floor.

into the brain parenchyma,
which degrades intra-operative
scans. More extensive studies
such as MR angiography, MR
venography, MR spectroscopy,
MR functional scanning, and
MR tractography can be per-
formed at this time as well and
are mapped onto the high-reso-
lution scan to allow for appro-
priate surgical planning.

The morning of surgery,
the patient will undergo either
a pre-operative high-resolution
MRI without contrast or a high-
resolution CT without contrast
that is used to register the
patient’s intracranial space in
three dimensions using the
intra-operative image guidance
system. Any pre-operative scans
and the associated plans can
then be “merged” onto the
newly acquired registration
scan using the provided soft-
ware with a very high degree
of accuracy.

After induction of anesthe-
sia, surgical positioning, and
preparation, the procedure is
undertaken with standard neu-
rosurgical approaches using
standard instrumentation. An
intra-operative scan may be
obtained at any time during the
procedure. To prepare for an
intra-operative scan, hemostasis
is obtained, all metallic surgical
instrumentation is removed
from the surgical field, the
wound is temporarily closed,
and all non-MRI-compatible
instrumentation and equipment
is moved outside the 5 gauss
line that will be created when
the scanner is brought into the
OR. The patient is then draped
to protect the surgical field and

FIGURE 2. A 27-year-old, right-handed female presenting with simple partial seizures
consisting of intermittent right leg tingling and dyscoordination. MRI of the brain
demonstrated a lesion in the left posterior frontal lobe that was hyper-intense in T2-
weighted imaging (A) and hypo-intense on T1-weighted imaging without significant
gadolinium enhancement (B). Functional MRI using a toe-taping paradigm (C) demon-
strated that the lesion was under the motor cortex for the right leg. The patient under-
went an loMRI-guided craniotomy for surgical resection. IoMRI scans, T2-weighted (D),
and T1-weighted with contrast (E) demonstrated radiographically complete resection.
Post-operatively, the patient experienced a mild right foot drop that resolved within three
months. Surgical pathology was consistent with a WHO Grade Il glioma. Two-year

post-operative scan (F) demonstrated no evidence of recurrent disease.

the scanner is positioned. Scans
then are obtained using defined
protocols and are reviewed with
the operating surgeon and
neuro-radiologist to determine
the extent of resection. If no
more resection is required, the
scanner is removed and the sur-
gical wound is closed perma-
nently. If further surgical resec-
tion is required, the scanner is
removed and the surgery pro-
ceeds as before. In our experi-
ence, one-third of patients will
undergo more than one intra-
operative MRI before comple-
tion of the surgery.

The two areas of greatest
potential for ToMRI utilization
are the resection of pituitary
adenomas and of low-grade
gliomas near eloquent cortex
(Fig. 2). The challenge and
greatest risk to the patient in
pituitary surgery is removal of
tumor near or within the region
of the cavernous sinus. The dis-
section in this area cannot be
directly visualized and too
aggressive an approach puts the
patient at risk for a vascular
injury. IoMRI enables the sur-
geon to determine whether
there is any residual tumor
within this region, allowing for
alteration of dissection tech-
nique. For low-grade gliomas
near eloquent cortex, the use of
functional MRI and MRI trac-
tography allows for clear delin-
eation of structures and path-
ways that need to be protected
during resection to prevent a
neurologic deficit. MRI tractog-
raphy can be repeated intra-

operatively to compensate for
brain shift and tumor resection.
Future developments may allow
for updated functional informa-
tion as well.

Results of interventions

Since the introduction of
TIoMRI at Abbott Northwestern
Hospital 15 months ago, 158
neurosurgical procedures, both
adult and pediatric cases, have
been completed. There were 28
pediatric patients, ranging in
age from 3 to 21, and 120 adult
cases. The vast majority of the
patients harbored brain tumors,
including: 88 primary gliomas,
25 meningiomas, 15 pituitary
adenomas, 13 unclassified, six
metastatic tumors, eight vascu-
lar malformations, and three
congenital lesions.

ToMRI-related complica-
tions included both intra-opera-
tive and post-operative compli-
cations. Intra-operative compli-
cations included an epidural
hematoma related to the pin
site. Post-operative complica-
tions were surgical wound site
infections (skin) not requiring
additional surgery and were
probably related to issues of
procedure length and multiple
scans.

The integration of neuro-
navigation and the addition
of functional MRI and MR
tractography imaging capabili-
ties to the IoMRI have further
enhanced the likelihood of
safer, more accurate, and more
complete tumor and lesion
resection while preserving neu-

rologic function. The

inclusion of intra-oper-

ative MRI undoubtedly
prolongs the surgical
time and increases

the surgical costs.

However, initial analy-

sis pointing to the

decrease in second-
look surgeries and
immediate recognition
of operative complica-
tions may compensate
for the time and cost
issues.

The preliminary
results point to:

e Greater incidence of
near-total or total
tumor resection due
to enhanced accuracy
in lesion localization.

e Preservation of neu-
rologic function near
eloquent cortex and
deep nuclei.

e Decrease in the number
of “second look” surgeries.

¢ Decrease in the number
of imaging studies during
the postoperative period.

e Greater opportunity for imme-
diate recognition of intra-
operative complications.

Improved quality of life

In our experience, the applica-
tion of ToMRI to brain surgery
has enhanced the likelihood for
near-total or total lesion resec-
tion while limiting potential
harm to eloquent cortex or deep
nuclei. The combination of
ToMRI with frameless neuro-
navigation has allowed for more
accurate definition of the surgi-
cal approach by compensating
for “brain shift.” This is particu-
larly enhanced with the addi-
tion of functional MRI and MR
tractography, allowing for pre-
servation of neurologic func-
tion. It is hoped that in the long
term, this will lead to increased
quality of life for our patients.
Certainly in the short term, the
immediate recognition of intra-
operative complications and
decrease in the number of
second-look surgeries serves

to decrease the morbidities
associated with neurosurgical
procedures. {4

Charles R. Watts, MD, PhD, prac-
tices with Neurosurgical Associates Ltd.,
in Edina. Mahmoud Nagib, MD, is
president of Neurosurgical Associates,
Ltd.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.20000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.20000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


