NEUROSURGICAL

FOCUS

Neurosurg Focus 48 (2):E13, 2020

Accuracy analysis of fMRI and MEG activations
determined by intraoperative mapping
David G. Ellis, MS,1 Matthew L. White, MD,2 Satoru Hayasaka, PhD,3 David E. Warren, PhD,4
Tony W. Wilson, PhD,4 and Michele R. Aizenberg, MD1
Departments of 1Neurosurgery and 2Radiology, University of Nebraska Medical Center, Omaha, Nebraska; 3Department of
Psychology, University of Texas at Austin, Texas; and 4Department of Neurological Sciences, University of Nebraska Medical
Center, Omaha, Nebraska

OBJECTIVE By looking at how the accuracy of preoperative brain mapping methods vary according to differences in
the distance from the activation clusters used for the analysis, the present study aimed to elucidate how preoperative
functional neuroimaging may be used in such a way that maximizes the mapping accuracy.
METHODS The eloquent function of 19 patients with a brain tumor or cavernoma was mapped prior to resection with
both functional MRI (fMRI) and magnetoencephalography (MEG). The mapping results were then validated using direct
cortical stimulation mapping performed immediately after craniotomy and prior to resection. The subset of patients with
equivalent MEG and fMRI tasks performed for motor (n = 14) and language (n = 12) were evaluated as both individual
and combined predictions. Furthermore, the distance resulting in the maximum accuracy, as evaluated by the J statistic,
was determined by plotting the sensitivities and specificities against a linearly increasing distance threshold.
RESULTS fMRI showed a maximum mapping accuracy at 5 mm for both motor and language mapping. MEG showed
a maximum mapping accuracy at 40 mm for motor and 15 mm for language mapping. At the standard 10-mm distance
used in the literature, MEG showed a greater specificity than fMRI for both motor and language mapping but a lower
sensitivity for motor mapping. Combining MEG and fMRI showed a maximum accuracy at 15 mm and 5 mm—MEG and
fMRI distances, respectively—for motor mapping and at a 10-mm distance for both MEG and fMRI for language mapping. For motor mapping, combining MEG and fMRI at the optimal distances resulted in a greater accuracy than the
maximum accuracy of the individual predictions.
CONCLUSIONS This study demonstrates that the accuracy of language and motor mapping for both fMRI and MEG is
heavily dependent on the distance threshold used in the analysis. Furthermore, combining MEG and fMRI showed the
potential for increased motor mapping accuracy compared to when using the modalities separately.
Clinical trial registration no.: NCT01535430 (clinicaltrials.gov)
https://thejns.org/doi/abs/10.3171/2019.11.FOCUS19784
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eloquent function mapping is often
used prior to brain tumor resections in order to
avoid disrupting brain functions critical for patients’ well-being. The most prevalent form of noninvasive
mapping is functional MRI (fMRI), but despite its utilization among surgeons, the reliability of fMRI is unestablished and varies widely in published reports. By using intraoperative direct cortical stimulation (DCS) as the gold
standard, fMRI language mapping has been reported to
have sensitivities ranging from 5%8 to 100%2 and specificities ranging from 0%16 to 98%,10 depending on the published article.1,4,12,14,17,20,23,24
oninvasive

One of the limitations of previous studies that have
quantified fMRI accuracy with DCS is that the studies
have used arbitrary distance thresholds to determine accuracy.1,8,10,14,18 Namely, if a DCS location is within a set
threshold (usually 10 mm) of an fMRI activation cluster,
then that DCS location is said to be a positively detected
location. While choosing such a distance threshold is necessary to establish accuracy metrics, having a set distance
threshold leaves out important information as to how the
accuracy changes when varying distances are considered.
By looking at how accuracy metrics vary according to
changes in the distance threshold used, the present study
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aimed to elucidate how preoperative imaging may be used
in such a way that maximizes the mapping accuracy. In
addition to optimizing the distance threshold, the present study will look at the general accuracy of fMRI and
magnetoencephalography (MEG) compared to each other,
as well as the accuracy of fMRI and MEG when used in
combination.

Methods

This study is part of an ongoing clinical trial (registration no. NCT01535430; clinicaltrials.gov).
Patient Selection
Patients presenting with a brain tumor in or near an eloquent area (sensory, motor, language) planning to undergo
resection were referred preoperatively for fMRI and MEG
as part of their routine preoperative evaluation. Clinical
evaluation and testing, in conjunction with neuroimaging
and patients’ wishes, determined the operative plan. Appropriate candidates were offered resection with intraoperative mapping while either asleep (motor) or awake (language and/or motor). If they had undergone preoperative
fMRI and MEG and intraoperative functional mapping,
they provided consent for this IRB-approved study.
MEG Data Acquisition
All MEG data were acquired prior to surgery using
an Elekta Neuromag system, which consists of 102 magnetometers and 204 planar radiometers (306 total magnetic sensors). The data were acquired within a Lindgren
magnetically shielded room, composed of aluminum and
μ-metal layers, that is equipped with an active-shielding
component for advanced environmental noise compensation. During data acquisition, participants were monitored
via real-time audio and video feeds from inside the magnetically shielded room. Neuromagnetic responses were
sampled continuously at 1 kHz with an acquisition bandwidth of 0.1–330 Hz.
MEG motor tasks consisted of finger tapping, foot
movement, and face movement (face “squenching”) and
were all performed contralateral to the lesion. Motor tasks
were paced utilizing a beep that occurs every 3.5–4.0 seconds. For each body part, the participant completes about
120 movements, and an accelerometer is used to quantify
each movement onset. The MEG language task consisted
of word reading at a rate of one word every 3.0 seconds.
MEG Source Analyses
In order to map the MEG source data, a dipole method
of analysis was performed. As the first step in the analysis, artifact rejection was performed based on a fixed
threshold method, supplemented with visual inspection.
After the artifact-free epochs from each limb per modality were time-domain averaged, baseline corrected, and
filtered, source localization was performed using the time
period around the signal maximum. Essentially, continuous flux contour maps for each extremity were examined
for temporal periods containing strictly dipolar field distributions above or near the rolandic regions of the head.
2

These temporal periods were then subjected to singlemoving, equivalent-current dipole analyses that employ
the Nelder-Mead nonlinear search algorithm to obtain the
optimal dipole position and orientation parameters per data-point (i.e., millisecond) in the least-squares sense. All
dipole analyses utilized a spherically symmetric singleconductor head model that had been co-registered to the
MEG data and the individual subject’s MRI data. Only
equivalent-current dipoles that account for at least 90% of
the variance in the filtered MEG data and had 95% confidence volumes of less than 3 cm were accepted into the
final model.
MRI Data Acquisition
All MR images were acquired prior to surgery using a Philips 3-T scanner. The fMRI sequences were a
single-shot, fast field echo technique (TR 3000 msec; TE
35 msec; echo planar imaging (EPI) bandwidth 3693 Hz;
acquired voxel 3 × 3 mm; reconstructed voxel 1.67 × 1.67
mm; field of view 240 × 240 mm; section thickness 3 mm;
section gap 0 mm; signal averaging–number of acquisitions; sensitivity encoding factor 1.8; 44 slices). Computerdriven fMRI directions and stimuli are presented utilizing visual and auditory systems. The fMRI examinations
consisted of acquiring two dummy scans before obtaining
100 scans utilizing the block-design approach of motor
and language paradigms.1,3,13,17,22 These consisted of using
blocks of 5 brain volumes (15 seconds) in the rest mode
and 5 brain volumes (15 seconds) in the functional mode
repeated 10 times for a total of 100 brain volumes. A camera system was used to confirm subject performance or
attention to task. In addition, T1-weighted (T1W) volumes
were collected with and without contrast medium.
fMRI motor mapping consisted of a combination of
finger tapping, foot movement, and face movement (lip
pursing) paced utilizing a beep that occurs once per second. The finger tapping and foot movement tasks are performed on the side of the body contralateral to the lesion.
The fMRI language task consisted of word mapping where
words were displayed and silently read by the patient.
MRI Data Processing
fMRI data were processed separately for each task using Invivo DynaSuite Neuro (Philips). The statistical map
for each individual subject and task was thresholded by eye
to identify responses that were as follows: 1) statistically
robust, 2) localized to the expected region, and 3) accounted for idiosyncratic changes to brain tissue distorted by
nearby tumor. This mapping was performed by a trained
analyst, and the final activation maps were reviewed, edited, and approved by a neuroradiologist (M.L.W.). In order to create a visualization for reviewing intraoperative
data, the cortical surfaces were reconstructed from the
T1W volumes with the FreeSurfer reconstruction workflow. Inaccuracies of the cortical surface reconstruction
were identified with manual review and then fixed by
manually segmenting areas missing in the reconstruction
and rerunning FreeSurfer. All of the other structural data,
along with the functional activation masks, were then registered to the T1W volume used to reconstruct the cortical
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FIG. 1. A: Axial scan showing a nonenhancing tumor in the left frontal operculum, raising concern for motor and language function. B: Intraoperative DCS mapping findings for speech hesitation (Sp), speech arrest (SpA), and motor tongue (Mf). C: A 3D
rendering of the surgical area showing the BVS and intraoperative DCS locations. The blue spheres represent positive motor face
DCS mapping, and the green spheres represent positive language DCS mapping.

surface. A reconstruction of the blood vessel segmentation was acquired by subtracting the T1W scan from the
T1W scan that was acquired after a contrast agent had
been administered. A threshold was then applied to the
resulting image to isolate the voxels where the contrast
agent increased the signal response the most. A visualization with the cortical blood vessels, the cortical surface,
and the DCS functional activations was then created using
3DSlicer5 software (see Fig. 1C).
Intraoperative DCS Mapping and Data Collection
The procedures were performed by one surgeon
(M.R.A.). The asleep-awake mapping technique was utilized for awake mapping. Briefly, the patient is sedated
and has a laryngeal mask airway placed for the pinning,
positioning, and registration to the navigation system.
The patient is then awakened prior to the start of the procedure, and the laryngeal mask airway is removed. We
have found that this protocol reduces the amount of potential brain shift after opening, as the changes that occur during the wake-up process when the dura is opened
are avoided. For asleep motor mapping, general anesthesia without paralytics was employed with somatosensory
evoked potentials for phase reversal and DCS with electromyography.
Asleep mapping was performed using electromyography with bipolar stimulation from the Ojemann Cortical
Stimulator (Integra LifeSciences) from 2 to 14 mA in 1to 2-mA increments and biphasic square wave pulses of
1 msec at 60 Hz of a 4-second maximum duration. For
awake mapping, stimulation was from 1 to 10 mA in 0.5to 1-mA increments. For motor mapping, the surgeon applied stimulation at specific sites in the brain and then
observed any involuntary movements. Language mapping
consisted of number counting, naming months or days of
week, picture naming, word cards, word mapping, spontaneous speech with storytelling, and directed questions.
The positive sites were labeled, and the coordinates of
those locations were acquired and stored using the Brainlab Curve navigation system. Sites that tested negative for
eloquent function were also recorded. After all the exposed area of the brain had been mapped and labeled, an
intraoperative photograph of the mapped labeled locations
on the cortical surface was obtained, which illustrated the

cortical venous pattern and labeled positive and negative
sites for reference during co-registration (Fig. 1B).
Verifying DCS Locations
In order to account for any brain shift, we acquired
intraoperative photographs that visualized the mapped
eloquent points in relation to the cortical surface vessels,
which serve as static landmarks. The vessels are segmented out and visualized along with the reconstructed
cortical surface. The blood vessel segmentation (BVS) is
unaffected by brain shift and was used to verify the accuracy of the transformation. The intraoperative photograph
provided a means of verifying that the registration of
brain, intraoperative points, and BVS were accurate after
reconstruction.
First, the functional DCS locations recorded on the surface of the brain were registered onto the reconstructed
cortical surface using a rigid iterative closest-point registration. The registered DCS locations were then visualized
in a 3D rendering along with the BVS and cortical surface.
Finally, the picture containing the labeled DCS locations
and intraoperative cortical vessel landmarks (Fig. 1B)
were compared to those shown in the visualization (Fig.
1C), and the DCS locations were manually corrected as
necessary to account for any shift. In some patients, the
negative mapping locations were not recorded intraoperatively. In these cases, the negative locations were recorded
after the surgery by the surgeon using the visualization
software.
Accuracy Analysis
In order to measure the accuracy of the MEG and
fMRI data to preoperatively detect eloquent function,
activations were grouped into motor- or speech-related
functions. For each neuroimaging modality, each intraoperatively mapped location, with or without eloquent
function, was evaluated. If an intraoperative location
had a neuroimaging activation within x millimeters, then
that location was labeled as a positive location for that
mapping modality. If no activation was found within x
millimeters, then the location was labeled as a negative
location for that particular eloquent function. Figure 2
shows an example of a language mapping case, with the
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FIG. 2. Examples for MEG (A and C) and fMRI (B and D) clusters for the word mapping language task. Intraoperative DCS locations are shown on the surface in red for speech-positive DCS locations and gray for speech-negative locations. MEG (A) and
fMRI (B) activation clusters as 3D renderings along with the cortical surface. MEG (C) and fMRI (D) distances from the activation
clusters to the cortical surface. For this patient, MEG mapping has much longer distances to the majority of DCS speech locations
than fMRI mapping.

distances to the MEG and fMRI clusters shown in color
on the cortical surface.
In order to explore the influence of a designated distance used for accuracy analysis, we varied the distance
from the DCS points. By linearly sampling for x from 0 to
70 mm at 5-mm intervals, a range of sensitivity, specificity, and Youden’s J statistic values were calculated from
the resulting detections. Youden’s J statistic (J = sensitivity + specificity − 1) combines sensitivity and specificity
to measure the overall performance of a given test at each
sampled distance.25 A mapping that provides no improvement over random chance has a J statistic value of 0, while
a perfect mapping with no false-positive or false-negative
errors has a J statistic value of 1. Accuracy analysis with
the J statistic provides an informative summary of the performance that can then be used to specify at what distance
the maximum sensitivity and specificity can be obtained.

Results

Mapping Outcomes
The 19 patients included in this study had a variety of
primary or metastatic brain tumors. There was also one
patient with a cavernoma. All 19 patients underwent pre4

operative mapping with both fMRI and MEG. For motor mapping, 14 patients were mapped doing comparable
fMRI and MEG motor mapping tasks (Table 1). Eleven
of those patients had motor hand mapping, 6 had motor
face mapping, and 3 had motor foot mapping. In these 14
patients with preoperative motor mapping, 175 DCS locations were mapped intraoperatively, with 29 of those locations being identified as motor locations according to
DCS. For language mapping, 12 patients were mapped doing comparable word mapping fMRI and MEG tasks. In
these 12 patients, there were 117 locations mapped intraoperatively with DCS, and 16 of those locations were determined to be eloquent areas for speech (Table 1). Seven
patients had both motor and language mapping.
Motor Mapping
When analyzed using a linearly increasing distance
threshold with 5-mm intervals, fMRI achieved a maximum J statistic of 0.21 at a distance of 5 mm with a sensitivity of 0.34 and a specificity of 0.87 (Fig. 3). MEG
achieved a maximum J statistic of 0.28 at 40 mm with a
sensitivity of 0.86 and a specificity of 0.42 (Fig. 3). When
combining the fMRI and MEG, a maximum J statistic of
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TABLE 1. Summary of collected data
Category

Patients

Positive
Locations

Negative
Locations

Total
Locations

Motor
Language
Total

14
12
19

29
16
45

146
101
168

175
117
213

The “Category” column indicates the category of paradigm employed for the
preoperative imaging data. The “Patients” column refers to the number of
individuals who had that specific paradigm mapped prior to surgery. “Positive
Locations” refers to the total number of locations that were positively mapped
using DCS for the same category of function (language or motor) tested for by
the imaging paradigm. “Negative Locations” refers to the total number of locations that were tested for by DCS but did not detect function corresponding to
the category of function being tested for by the imaging paradigm. “Total Locations” refers to the total number of DCS mapped locations that were acquired
in the patients who had been mapped with the corresponding paradigm. “Total
Locations” is the sum of both positive and negative locations.

0.35 (sensitivity of 0.55, specificity of 0.79) was achieved
using a 5-mm distance threshold for fMRI and a 15-mm
distance threshold for MEG (Fig. 4). This J statistic of the
combined detection with optimized distance thresholds
was significantly greater than the maximum J statistic
using the arbitrary 10-mm thresholds (p < 0.05) and the
maximum J statistic of fMRI and MEG at 5-mm and 15mm thresholds (p < 0.05). However, it was not greater than
the maximum J statistics of fMRI and MEG using the individually optimized thresholds of 5 mm and 40 mm (p
= 0.27).
Using the arbitrary distance threshold of 10 mm from
the previous literature,1,8,10,14,18 MEG motor mapping resulted in a specificity of 0.97 and a sensitivity of 0.14. fMRI
motor mapping resulted in a lower specificity of 0.68 (p <
0.0001) but a higher sensitivity of 0.48 (p < 0.05). Overall, the J statistic was 0.11 for MEG and 0.16 for fMRI.
Combining the two modalities resulted in a specificity of
0.67 and a sensitivity of 0.62 (Table 2). As shown in Fig.
5, the combined sensitivity was greater than that of MEG

FIG. 3. A–D: Sensitivity, specificity, and J statistic (sensitivity + specificity − 1) with respect to the distance for MEG and fMRI
language and motor. The shaded areas indicate 95% confidence intervals. The distance resulting in the maximum J statistic is
annotated and marked with the vertical gray dashed line in each subplot.
Neurosurg Focus Volume 48 • February 2020
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FIG. 4. J statistic results of the combined MEG and fMRI detection with respect to the analysis of distance thresholds for both motor (A) and language (B). The location of the maximum J statistic is shown by the red dot to be 0.35 with the MEG distance set at
15 mm and the fMRI distance set at 5 mm for motor (A). Also shown by the red dot, the maximum J statistic was 0.40 at a 10-mm
distance for both fMRI and MEG language mapping (B).

(p < 0.001) but not that of fMRI (p = 0.12). The combined
specificity was less than that of MEG (p < 0.0001) but not
different from that of fMRI (p = 1.00). This resulted in
a J statistic of 0.29, which was not significantly different
from that of the maximum of MEG and fMRI (p = 0.07).
Overall, of the 29 DCS mapped motor locations, 14 were
identified by fMRI and 4 were identified by MEG. None of
the DCS motor locations identified by MEG were identified by fMRI, and thus the MEG and fMRI combination
identified 18 of 29 motor locations.
Language Mapping
When analyzed using a linearly increasing distance
threshold with 5-mm intervals, fMRI achieved a maximum J statistic of 0.28 at a 5-mm distance with a sensitivity of 0.31 and specificity of 0.97 (Fig. 3). MEG achieved
a maximum J statistic of 0.28 at 15 mm with a sensitivity
of 0.56 and a specificity of 0.71 (Fig. 3). When combining
the fMRI and MEG, a maximum J statistic of 0.40 (sensitivity of 0.55, specificity of 0.79) was achieved using a 10TABLE 2. Summary of motor mapping results
Modality

Distance

MEG
10 mm
fMRI
10 mm
fMRI & MEG 10 mm & 10 mm
MEG
40 mm
fMRI
5 mm
fMRI & MEG 5 mm & 15 mm

Sensitivity

Specificity

J Statistic

0.14
0.48
0.62
0.86
0.34
0.55

0.97
0.68
0.67
0.42
0.87
0.79

0.11
0.16
0.29
0.28
0.21
0.35

Summary of motor mapping results at the arbitrary 10-mm distance used in
previous studies for MEG individually and combined, the optimal individual
distances (40 mm for MEG and 5 mm for fMRI), and the optimal combined
distance (15 mm for MEG and 5 mm for fMRI). Combining MEG and fMRI at
the optimal combined distances resulted in the highest J statistic (sensitivity +
specificity − 1). Maximum scores are shown in boldface.
6

mm distance threshold for both fMRI and MEG (Fig. 4).
The J statistic of the combined detection with optimized
distance thresholds was not significantly greater than the
maximum J statistic using the arbitrary 10-mm thresholds
(p = 0.10) and was also not significantly greater than the
maximum J statistic of the individually optimized thresholds for fMRI and MEG of 5 mm and 15 mm (p = 0.14).
Using the arbitrary distance threshold of 10 mm from
the previous literature,1,8,10,14,18 MEG language mapping resulted in a specificity of 0.90 and a sensitivity of 0.25. fMRI
language mapping resulted in a lower specificity of 0.77 (p
< 0.05) and a sensitivity of 0.50, which was not significantly different from that of MEG (p = 0.34). Overall, the J statistic was 0.15 for MEG and 0.27 for fMRI. Combining the
two modalities resulted in a specificity of 0.71 and a sensitivity of 0.69 (Table 3). As shown in Fig. 5, the combined
sensitivity was greater than that of MEG (p < 0.05) but not
that of fMRI (p = 0.25). The combined specificity was less
than that of MEG (p < 0.0001) and fMRI (p < 0.05). This
resulted in a J statistic of 0.40, which was not significantly
different than the maximum of MEG and fMRI (p = 0.10).
Overall, of the 16 DCS mapped language locations, 8 were
identified by fMRI and 4 were identified by MEG. Only
one of the DCS language locations identified by MEG was
identified by fMRI, and thus the MEG and fMRI combination identified 11 of 16 language locations.

Discussion

Our study shows that the accuracy of language and motor mapping for both fMRI and MEG is heavily dependent
on the distance threshold used in the analysis. Using shorter thresholds results in fewer noneloquent locations being
incorrectly detected as locations containing eloquent function and thus greater specificity. However, shorter distance
thresholds also result in the correct detection of fewer
eloquent locations and thus lower sensitivity. Not surprisingly, increasing the distance threshold from the eloquent
clusters increases the sensitivity but decreases the specific-
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FIG. 5. Summary bar chart of the fMRI and MEG motor (A) and language (B) accuracy analysis. The specificity, sensitivity, and J
statistic were taken using a 10-mm distance and the distances that maximized the individual and combined J statistics. The MEG
and fMRI detections were combined such that when either MEG or fMRI resulted in a positive detection, the combined detection
was considered to be positive (an “either positive” approach). The significance is annotated for comparing the results at the 10-mm
distance. *p < 0.05; **p < 0.001; ***p < 0.0001.

ity. In this study, the distance that resulted in the highest
combinations of sensitivity and specificity (J statistic) was
achieved for both language and motor fMRI at a 5-mm
distance. In contrast, maximum accuracy for MEG was
achieved at 40 mm for motor and 15 mm for language
mapping. The larger optimal distances for MEG mapping
are likely the result of a highly specific initial mapping
that benefits from the increased sensitivity provided by the
larger distance thresholds.
Combining the fMRI and MEG modalities showed
promise for improving the overall mapping accuracy. By
combining the modalities and optimizing the distance
threshold, the combined fMRI and MEG motor mapping
had a higher overall accuracy than the individual mapping modalities when using the 10-mm distance threshold reported in the literature. Furthermore, of the 8 motor and language locations accurately identified by MEG
at 10 mm, only one of those locations was also identified
by fMRI, despite fMRI having higher or equal sensitivity. This lack of overlap in eloquent locations may indicate
that due to their respective imaging and mapping methods,
MEG and fMRI are providing complementary rather than
redundant mapping information, as has been postulated
in previous research.21 However, more data are needed to
confirm this hypothesis.
It is important to note that the distance a surgeon
chooses to evaluate for eloquent function location when
reviewing preoperative mapping may not be the distance
that gives the highest accuracy. Instead, it is suggested a
surgeon consider the distance that will give the closest to
ideal combination of sensitivity and specificity according
to their expertise and the individual case. Furthermore, the
optimal distances obtained in this study may not apply to
mapping data acquired with different protocols and scanners. Previous research has shown that language fMRI
mapping, in particular, can vary significantly due to varied
statistical thresholds, imaging times, and specific language
task being performed.23 Nevertheless, the present study
does provide valuable information as how the distance

used has a profound impact on the accuracy measures that
surgeons may take into account even without assuming the
uniformity of their data to that of the present study.
Also of value is that this is the first study to report the
accuracy of MEG mapping in terms of sensitivity and
specificity as determined by DCS. While several studies
had empirically validated MEG localization using various
methods,6,7,11,15,19 our literature search revealed no publications reporting detailed sensitivity and specificity analysis for either MEG motor or language localization using
DCS as the gold standard. For the sake of comparison
with the fMRI accuracy literature, we reported accuracy
metrics for both MEG and fMRI using the arbitrary 10mm threshold that has been used previously.1,8,10,14,18 At
this distance, MEG mapping showed decreased sensitivity
when compared to fMRI for motor mapping but increased
specificity for both motor and language mapping.
According to a meta-analysis by Weng et al., the sensitivity for fMRI language mapping is estimated to be 51%–
80% with a specificity of 25%–82%.23 Compared to the results of the fMRI meta-analysis, the fMRI language mapping in the present study had a similar sensitivity (50%)
TABLE 3. Summary of language mapping results
Modality

Distance

MEG
10 mm
fMRI
10 mm
fMRI & MEG 10 mm & 10 mm
MEG
15 mm
fMRI
5 mm

Sensitivity

Specificity

J Statistic

0.25
0.50
0.69
0.56
0.31

0.90
0.77
0.71
0.71
0.97

0.15
0.27
0.40
0.28
0.28

Summary of language mapping results at the arbitrary 10-mm distance used
in previous studies for MEG individually and combined and the optimal individual distances (15 mm for MEG and 5 mm for fMRI). The optimal combined
distance for language mapping was 10 mm for both fMRI and MEG. Combining
MEG and fMRI at the 10-mm distance resulted in the highest J statistic. Maximum scores are shown in boldface.
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and specificity (77%), while the MEG language mapping
had a lower sensitivity (25%) but a higher specificity
(90%). However, the fMRI motor mapping accuracy, with
a sensitivity of 48% and specificity of 67%, was lower than
that reported in previous studies with sensitivities ranging
from 88%1 to 100%10 and specificities ranging from 66%10
to 95%.8,9 The poor accuracy of fMRI motor mapping may
be the result of bias that was inherent in the data collection, as presurgical motor mapping was only performed in
patients presenting with tumors near the known anatomical sensory and motor locations. It is possible that the tumors distorted anatomy to the extent that the mapping was
more complex than would be expected in patients with less
distorted anatomy.
Due to the dependency of accuracy metrics on various
analysis parameters, including the analysis distance, as
was demonstrated, future studies should be careful to note
that any resulting accuracy scores are not set in stone but,
rather, are highly dependent on the analysis parameters
utilized to achieve those scores. Future studies should also
be careful to report both the sensitivity and the specificity because there is an inherent trade-off between these
measures that is often the result of the given study’s parameters. Reporting sensitivity without specificity gives
very limited information about the accuracy of a method
as compared to other methods.

7.

8.

9.

10.
11.

12.

13.

Conclusions

This study demonstrates that the accuracy of language
and motor mapping with both fMRI and MEG is heavily
dependent on the distance threshold used in the analysis.
Furthermore, combining MEG and fMRI shows the potential for increased motor mapping accuracy over using
the modalities separately.
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