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Abstract

Object—In this study the role of magnetic source imaging for preoperative motor mapping was
evaluated by using a single-dipole localization method to analyze motor field data in 41 patients.

Methods—Data from affected and unaffected hemispheres were collected in patients performing
voluntary finger flexion movements. Somatosensory evoked field (SSEF) data were also obtained
using tactile stimulation. Dipole localization using motor field (MF) data was successful in only
49% of patients, whereas localization with movement evoked field (MEF) data was successful in
66% of patients. When the spatial distribution of MF and MEF dipoles in relation to SSEF dipoles
was analyzed, the motor dipoles were not spatially distinct from somatosensory dipoles.

Conclusions—The findings in this study suggest that single-dipole localization for the analysis
of motor data is not sufficiently sensitive and is nonspecific, and thus not clinically useful.

Keywords
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The preoperative localization of functionally viable brain tissue helps to guide neurosurgical
planning in optimizing the region of resection while allowing for improved postsurgical
neurological function. Various neuroimaging techniques, including MS and fMR imaging,
are now available to preoperatively map functional brain organization. Coregistering
structural MR imaging data to functional data acquired via MS or fMR imaging allows for
the intraoperative creation of a neuronavigation system.%:15.17

Magnetic source imaging has been shown to be increasingly important in preoperative
planning and complements intraoperative mapping by delineating retained areas of function
noninvasively and in advance, and thus reducing the time needed for intraoperative
procedures. Peaks in evoked neuromagnetic field data are used to localize dipoles with the
aid of source modeling algorithms. Utilizing MS imaging, relevant somatosensory, speech,
and motor cortices can be mapped preoperatively to aid surgical navigation and avoid
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resecting the eloquent cortex. Alternatively, fMR imaging can be used in the preoperative
planning, but its temporal resolution is inferior to that of MS imaging because its measured
responses are not as directly correlated with evoked electrical activity. Both fMR and MS
imaging have been validated as adjuncts to intraoperative mapping. 4:6:7:9:16.20.22 \jjth the
increasing use of MS imaging at clinical centers worldwide, the accuracy of functional
localization has become paramount.

The utility of neuromagnetic somatosensory, auditory, and speech mapping for preoperative
tumor localization has been validated previously.>821.24-26 More recently, neuromagnetic
MEFs have been shown to be useful in mapping motor cortex by using a single—equivalent
current dipole model.19 Here, we examine the role of single—equivalent current dipole
modeling of pre- and postmovement evoked responses. 3:11.13.28.29 The premovement
evoked response typically peaks before the onset of movement, presumably arising from
motor cortex, and this peak is referred to as the “MF.” Postmovement onset, the earliest
peak activation, is referred to as the “MEF” and is presumed to reflect the sum of activity
arising from motor and somatosensory cortices given the presence of both efferent activity
and sensory feedback during movement. The goal of this study was to evaluate the
sensitivity and specificity of MF and MEF localization, with respect to the location of
somatosensory cortex, for the purpose of preoperative localization of hand motor cortex.

Clinical Material and Methods

Patient Population

We retrospectively analyzed the MS imaging data sets from 41 treated patients who had
undergone surgery for intraaxial brain tumors between 2001 and 2003 (Table 1). Many of
the patients were referred to the Department of Neurosurgery at the University of California,
San Francisco, because of the location of the tumors near the eloquent cortex, thus
prompting preoperative mapping procedures.

Data Acquisition

Magnetic fields were recorded in a shielded room by using two 37-channel
biomagnetometers with superconducting quantum interference device—based first-order
gradiometer sensors (Magnes I1; 4-D Neuroimaging, San Diego, CA). The sensor layout
covered a circular area 144 mm in diameter. External fiducial markers (left and right
preauricular points and the nasion) were recorded in reference to the sensory array. The
localization error of the digitizer was less than 2 mm within 30 cm of the probe.

Somatosensory Task

Unilateral somatosensory stimulation was performed using painless pneumatic stimulation
(17 psi pressure) applied as 30-msec pulses via balloon-diaphragm clips attached to the
digits of both hands and the lips. Of key comparative interest was the stimulation of the
distal finger pads of the affected hands. Somatosensory evoked responses were recorded at a
sampling rate of 520.8 Hz and a bandwidth of 200 Hz with a high-pass filter (cutoff 1 Hz).
The data epoch duration was 300 msec, including a 150-msec prestimulus baseline sample.
At least 200 data epochs were recorded for each stimulus type (the interstimulus interval
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was randomly varied in the range of 450-550 msec), and recordings were averaged, time-
locked to the stimulus onset. Finally, the averaged evoked response epoch was digitally
filtered (passband 8—-40 Hz) to eliminate high-frequency noise contributions. The peak of the
primary somatosensory evoked response was defined as that peak in the evoked field
amplitude (root mean square averaged across sensor channels) occurring in the latency range
from 30 to 70 msec of the poststimulus onset and satisfying a model-data correlation
threshold (r) of 0.97.

Unilateral MFs were recorded while patients performed self-paced flexion and extension
movements of the involved fingers once every 3 to 4 seconds. Trials with excessive eye
movements or other muscle artifacts not associated with the task were excluded. One
hundred to 150 epochs were recorded for each patient. The onset of movement was
manually marked for each trial by noting the EMG responses, and the magnetic fields were
averaged on movement onset. The magnetic fields associated with movement have been
well described.12 The most stable field has the highest amplitude of all movement fields and
a latency of 100 msec after movement onset and has been labeled MEF I; this field is related
to sensory input from the periphery.2 The MF occurs at the onset of movement as correlated
with the onset of EMG activity and represents the corticospinal outflow. We focused on
these fields in our analysis. The MF peak was defined as that peak in the evoked field
amplitude (root mean square averaged across sensor channels) occurring in the latency range
of 30 msec near EMG stimulus onset and satisfying a model-data correlation threshold
greater than 0.95. The MEF was defined as the greatest peak occurring in the latency range
of 100 msec after stimulus onset and satisfying a model—data correlation greater than 0.95.
A sample waveform is demonstrated in Fig. 1.

A single—equivalent current dipole model was calculated separately for each hemisphere and
for each poststimulus time point, by using standard 4-D Neuroimaging software to analyze
data that had been filtered between 1 and 40 Hz. The localization algorithm included an
iterative least-squares minimization to compute the strength and location of a single dipole
in a spherical volume of uniform conductivity that could account for the sensory and motor
data. Dipole fits were accepted based on a local correlation maximum criteria of 0.95 and
goodness-of-fit values greater than 0.95. The MF, MEF, and SSEF dipoles were mapped
onto individual high-resolution MR images by using predefined anatomical landmarks.
Sample images are featured in Fig. 2.

Data were collected from 41 different patients, who all were able to complete the specified
movement. A set of data for a given patient was considered complete if both right- and left-
hemisphere motor data were analyzable. Of these patients, only 20 had interpretable MF
data sets that could be used for preoperative mapping. Successful dipole localization referred
to a single dipole that met the fit criteria regardless of the validity of the localization in the
three-dimensional space. Only 27 patients had MEF data sets suitable for preoperative
mapping. In general, MF data were less reliable than MEF data for dipole localization. One
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hundred percent of the patients had a localizable SSEF dipole. Overall, there was a 49%
sensitivity rate for MF data and a 66% sensitivity rate for MEF data. The sensitivity of MF
data for dipole localization is shown in Table 2 and Fig. 3. For each condition dipole
localization using the specified selection criteria was consistently more successful using the
MEF data compared with MF data. Localization was not less successful in the affected side
compared with the unaffected side.

Only 17 patients (41%) had complete sets of MF and MEF data for both hemispheres. These
patients underwent further analysis to determine the spatial distribution of the respective
somatosensory and motor dipoles. The cartesian coordinates for the dipole localizations for
the MF, MEF, and SSEF were obtained from the respective data sets. Using the SSEF as the
origin, the anteroposterior, mediolateral, and inferosuperior distances were calculated for the
MEF and MF dipoles by subtracting the x-, y-, and z-coordinates. The distribution of
distances from the SSEF dipoles for both the unaffected and affected hemispheres are shown
in Figs. 4 and 5.

The average anteroposterior, mediolateral, and inferosuperior distances were compared
between unaffected and affected hemispheres using paired t-tests. There were no statistically
significant differences between the distances measured for the MF and MEF dipoles.
Furthermore, the mean distance between the MF and SSEF for both hemispheres was not
significantly different from 0. The average distances are shown in Fig. 6. Anteroposterior
and inferosuperior distances were also not significantly different from 0O for either the MF or
the MEF. In contrast, mediolateral distances were significantly different from 0 (p < 0.05)
for both the MF and MEF.

Discussion

Motor field and MEF data are not sensitive enough for preoperative functional localization.
Using the dual 74- channel MEG system (4-D Neuroimaging, Inc.), only 41% of the patients
with tumors had a complete set of analyzable data allowing for successful dipole localization
and mapping. There was a great deal of variability in the location of the MF and MEF
dipoles in individual patients. In the affected hemisphere distances between localized
dipoles for MF, SSEF, and MEF were greater than those in the corresponding unaffected
hemisphere. A similar result was seen for MEF and SSEF dipole distances, suggesting that
the presence of the tumor does not distort the relative location and distances between
somatosensory and motor cortex. Note, however, that overall distances between MF and
SSEF dipoles were not significantly different from 0, reflecting the inability of the method
to distinguish these localizations. Similarly, distances between MEF and SSEF dipoles were
not different from 0.

Motor field data typically are not as robust as MEF data, and authors of several studies have
reported an inability to obtain data sufficient for dipole localization.311.13.28 Using a
moving dipole model, Kristeva-Feige, et al.,13 demonstrated that the MF was often not
observed in healthy persons, whereas MEF | dipole localization was more consistent. In
another study the MEF dipole localization was unsuccessful in up to 21% of patients.11
These results were consistent with our findings; that is, the MF data were much less

J Neurosurg. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Linetal.

Page 5

successful in dipole localization than the MEF data. In our study, localization using the MEF
was more consistent in both affected and unaffected hemispheres. The robustness of MEF is
attributable to the higher amplitude of the peak, which allows for easy identification and
subsequent source localization given the higher signal-to-noise ratio. However, the MEF is
more likely to reflect sensory activation from movement itself and is presumably derived
from a source other than the motor cortex. The MF peaks are lower in amplitude and can be
obscured by background noise. Furthermore, the sources responsible for the MF may be
complex and bilateral and therefore not elucidated by a single-dipole model.

Several recent reports have documented the efficacy of MF dipole mapping in localizing the
motor cortex in patients with tumors.2:19 Qishi and colleagues!? studied 14 patients
harboring brain tumors by using MEG. In 11 of these 14 patients, an equivalent current
dipole model could be applied to identify the motor cortex by using the MF; data could not
be obtained in the other three patients. These authors also discussed a comparison with
intraoperative stimulation, which was found to correlate with preoperative mapping. Castillo
and associates? studied six patients with brain tumors by using a combined sensorimotor
paradigm and equivalent current dipole model to localize the motor cortex with the aid of
MEF data. Our study includes a larger population of patients, and our results show the
relatively low sensitivity of MF data in localizing motor cortex.

The spatial localizations of the MF and MEF dipoles were not distinguishable from the
SSEF dipoles. Comparing anteroposterior, mediolateral, and inferosuperior distances
showed that the distance from the SSEF for the MF and MEF dipoles was not significantly
different from 0. Despite a significant difference from 0, the mediolateral distance showed a
standard deviation of approximately 30 mm, which was consistent with the large variability.
Localization uncertainty based on the registration of MS images to MR images has been
reported to be 4 mm.10 Authors of previous studies have reported a standard deviation of 5
mm in 100 test-retest MS imaging measurements.8

Magnetoencephalography is an evolving technology. In the present study we utilized the
dual 37-channel Magnes biomagnetometer. In previous MEG-based studies of preoperative
localization, investigators have used similar magnetometers with sensor arrays containing
from 37 to 204 channels.1:3-6.19.22.24.25.27 Newer models such as whole-head MEG systems
combined with advanced analysis methods provide a higher spatial sampling density, which
may improve the accuracy of source localization beyond dipole fitting. Nonetheless, the
motor cortex in the present study was adequately covered with a high density of sensors.
Concurrent advances in source localization with new dipole fitting methods could also
improve results.

Other measures for preoperative motor cortex localization include fMR imaging, positron
emission tomography, and diffusion tensor imaging. These modalities are more
complementary than individually definitive because of problems with spatial or temporal
sensitivity. Furthermore, their reliance on blood flow and metabolism, both factors that
could be influenced by tumor, makes these methods suboptimal. Magnetoencephalography
provides superior temporal resolution, but using single-dipole localization with MS imaging
to identify functional motor cortex may not be clinically useful. Corticomuscular coherence
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utilizing MEG-EMG and electrocorticography-EMG has been a successful method of
identifying the motor cortex and central sulcus.18.23 Recently, spatially filtered MEG was
performed to explore functional activation of areas important in motor control around the
central sulcus.?’ In that study, MEG data were analyzed using synthetic aperture
magnetometry to determine power changes in various frequency bands (event-related
desynchronization). Beta event-related desynchronization was shown to localize to the
contralateral sensorimotor cortex in control volunteers, whereas activation localized to the
ipsilateral hemisphere of the affected hand in patients with tumors, suggesting that this
paradigm may be useful in identifying not only regions of residually active cortex in the
contralateral hemisphere, but also compensatory regions recruited in the ipsilateral
hemisphere. However, the sensitivity and specificity of this procedure are currently unclear.

There are several potential explanations for inaccurate dipole localization beyond the
limitations of source modeling. Tumor-associated edema in the affected hemisphere could
lead to disturbed cortical function activity and a shift in the localization compared with the
unaffected hemisphere. Tumor-induced cortical plasticity could also be a mechanism for
shifting dipole localization because of motor function takeover by surrounding cortical
tissue.14

The low sensitivity in the localization of MF using a single- dipole method may be a result
of the distributed nature of motor cortical function. Furthermore, inaccuracies in dipole
localization via this method demonstrate the inadequate specificity of motor mapping. The
variability in MF data may limit its usefulness in preoperative mapping, restricting the use of
MS imaging to somatosensory and auditory modalities only. A more robust source
localization paradigm may be necessary for accurate preoperative motor mapping.

Conclusions

Magnetic source imaging of motor cortical activity using single—equivalent current dipole
modeling methods may not be sensitive or specific enough to be clinically useful. A more
robust localization paradigm may be needed to identify functionally active motor cortex for
preoperative purposes.
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motor field
magnetic resonance
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Fig. 1.
Sample waveform showing traces obtained in a patient performing right index finger

flexion.
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Fig. 2.
Coronal MS images, posterior (left) and anterior (right) views, demonstrating somatosensory

and motor source localizations derived from MEG data recorded during painless tactile
stimulation of the right index finger (SSEF) and self-paced index finger flexion (MF and
MEF). Data are shown for the unaffected hemisphere. Orange dot represents MEF; yellow
dot, MF; and green dot, SSEF.
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Bar graph depicting the mean distances (£ standard error of the mean) between SSEF, and

MF and MEF | dipoles. Distances were not significantly different between affected and
unaffected sides. Only mediolateral distances were significantly greater than 0 (p < 0.05).
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TABLE 1

Clinical and radiological features in 41 patients with brain tumors

Variable

No. (%)

affected hemisphere
rt
It

affected lobe
frontal
temporal
parietal
insular

diagnosis
astrocytoma
glioblastoma multiforme
oligodendroglioma
oligoastrocytoma
ganglioglioma
metastasis

glioneuronal hamartosis

20 (49)
21 (51)

17 (41)
9(22)
9(22)
6 (15)

19 (46)
9(22)
6 (15)
3(7)
2(5)
1(2)
12
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