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TABLE 1. Patient Characteristics and Results of Trial Stimulation”
0
. Age, Pairl Underlying Pair!ful Motor Diite:rs;);:ce Baseline S‘Z:?e Cha/:ge . Vrisl . IPG
Fathent y/Sex Duration, Disease Region Weakness ——M—— VAS After inVAS Stimuistion Implantation
mo Treated Allod  Hyperp Score Trial e Result
1 59/M 48 L scinf RLL Mild - 7 7 0 Poor -
2 54/F 12 L thal hem R UL Mild + + 10 7.5 25 Poor +
3 59/F 97 R put hem LLL Mild - + 8 4 50 Good +
4 65/M 30 R thal hem LLL — - - 9 4 56 Good +
5 71/M 19 L thal hem RUL  Moderate + - 10 10 0 Poor
6 64/F 68 L put hem RLL Mild - 10 7 30 Fair +
7 74/F 156 L put hem RLL Mild = - 8 8 0 Poor -
8 75/F 24 L thal hem RLL Mild - - 7 3 57 Good +
9 75/M 24 R put hem LLL — - - 10 7 30 Fair -
10 58/M 60 L pontine inf RLL Mild + - 6 3 50 Good -
11 66/F 32 R put hem LI Mild + - 7 3 57 Good +
12 67/M 52 L thal inf RUL Mild + + 85 8.5 0 Poor -
13 57/M 80 R put hem LLL — + + 6 6 0 Poor -
14 72/M 83 L thal hem RLL Moderate - 85 7:5 12 Poor -
15 65/M 33 L thal inf RUL Mild - = 9 6 33 Fair +
16 48/M 1 R put hem LLL Mild + - 8.6 3 65 Good +
17 69/M 6 L thal hem RLL Mild + + 8 8 0 Poor -
18 66/M 81 R put hem LLL — - + 85 7 18 Poor -
19 67/M 14 L medullary inf  RLL — + - 5 0] Poor -
20 61/M 29 L pontine inf R UL Mild + - 6 33 Fair -
21 72/M 16 L put hem RLL Mild + + 9 0 Poor -
22 76/M 1 L thal hem RUL  Moderate - 85 2.5 71 Good -
23 62/F 6 R sc hem LLL Mild + + 8 5.6 30 Fair -
24 51/F 46 R put hem LLL Mild + - 3 57 Good +
& UL
25 65/F 20 R medullary inf  LLL — - 95 85 10 Poor -
26 64/M 56 R put hem LLL Mild 8 8 0 Poor -
27 56/M 6 R thal hem LLL e - - 7.8 5 25 Poor -
28 74/M 93 L thal inf RLL Mild - - 5 38 Fair -
29 62/M 19 L put hem RLL Mild - - 7 7 0 Poor -
30 71/M 82 R thal hem LLL Mild + + 6.5 15 77 Good +
& UL

“ Allod, allodynia; Hyperp, hyperpathia, VAS, visual analogue scale; IPG, implantable pulse generator; L, left; R, right; LL, lower limb; UL, upper limb; thal, thalamic; hem, hemor-
rhage; put, putaminal; inf, infarction; sc, subcortical; +, presence; —, absence. Median VAS score in target regions decreased significantly from 8.5 to 6 after trial (P < .001).

Clinical Factors Related to the Outcome
of Trial Stimulation

Based on the degree of pain relief during trial stimulation, patients
were classified into 2 groups: good and fair in one group and poor in the
other. Clinical factors such as age, sex, painful region treated (upper vs lower
limb), duration of pain, cause of stroke (putaminal vs thalamic hemor-
thage), presence or absence of hyperpathia or allodynia, and degree of
motor weakness (absent or mild vs moderate) were compared between
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the 2 groups using the Mann-Whitney U test for age and duration of
pain and the Fisher exact test for the remaining factors.

Statistical Analysis

VAS scores before the trial, during trial stimulation, and at latest
follow-up were compared using the Wilcoxon signed-rank test for
nonparametric data. For the 2 patients with 2 implanted electrodes,
VAS score reduction for the thoracic electrode was used for statisti-
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TABLE 2. Patient Characteristics and Long-Term Follow-up of 10 Patients With Permanent Implants®
. Age, Paif‘ Underlying Pain.ful Motor D.Sens:ry BVAS Sf;ore e Follow-up,
Patient y/Sex Duration, 1/ ease Region =\ e akness isturbance Re(:luctlo‘n %VAS Score  PGIC mo
mo Treated Allod Hyperp DuringTrial Reduction Rating
2 54/F 12 L thal hem RUL Mild + + 25 20 5 16
3 59,/F 97 R put hem LLL Mild - + 50 50 2 62
4 65/M 30 R thal hem E-LL S = — 56 50 2 60
6 64/F 68 L put hem RLL Mild + — 30 30 3 6
8 75/F 24 L thal hem RLL Mild - - 57 57 2 41
1 66/F 32 R put hem LLL Mild + - 57 57 2 24
15 65/M 33 L thal inf RUL Mild - 33 33 2 25
16 48/M 1 R put hem LLL Mild + - 65 19 4 12
24 51/F 46 R put hem LLLand UL® Mild + = 57 57 2 12
30 71/M 82 R thal hem LLLand UL® Mild + + .77 ND< ND< ND<

a Allod, allodynia; Hyperp, hyperpathia; VAS, visual analogue scale; PGIC, Patient Global Impression of Change (scale) (2, much improved; 4, no change; 5, minimally worse);
L, left; thal, thalamic; hem, hemorrhage; R, right; UL, upper limb; LL, lower limb; put, putaminal; inf, infarction; ND, not determined.

b These patients had 2 electrodes implanted, but in the statistical analysis, only results for the thoracic electrode are included.

<This patient had less than 6 months of follow-up at the time of latest follow-up and was therefore excluded from long-term-follow-up analysis.

cal analysis. In all comparisons, findings with P < .05 were consid-
ered significant.

Ethical Issues

Informed consent was given by each patient, and an approval was

obtained from the local Ethical Review Board of Osaka University Hospital.

RESULTS

Trial Stimulation
For trial stimulation, 30 patients had a single lead implanted (24

at the thoracic level for lower limb pain and 6 at the cervical level
for upper limb pain). Pain relief was good in 9 patients (30%),
fair in 6 patients (20%), and poor in 15 patients (50%). The
median VAS score in target areas decreased significantly from 8.0
(range, 5.0-10.0) to 6.0 (range, 1.5-10.0) after the trial (?<.001).

Permanent Implantation

Of the 30 patients receiving the trial SCS, only 10 patients
decided in favor of a permanent SCS system implantation. Two
patients had 2 leads implanted, 1 at the thoracic level for lower
limb pain and 1 at the cervical level for upper limb pain (patients
24 and 30; Table 1). The clinical characteristics of the 10 patients
who underwent implantation are presented in Table 2.

Of the 10 patients with permanent implants, the degree of pain
relief during SCS trial was good in 7 patients, fair in 2 patients,
and poor in 1 patient. Only 1 patient with a poor response to trial
stimulation decided to have a permanent implant (patient 2; Table
2). That patient was satisfied with a modest degree of pain relief
(25% VAS score reduction) and elected to have the implant despite

NEUROSURGERY

a detailed explanation of the low potential for a favorable long-
term outcome.

Results at Latest Follow-up

At the time of the latest check, 1 patient (patient 30) had
less than 6 months of follow-up and was therefore excluded
from the long-term follow-up analysis. The remaining 9 patients
had a mean duration of 28 months of follow-up (range, 6-62
months). At the latest follow-up, 7 patients reported signifi-
cant pain relief on the VAS scale (5 good and 2 fair). On the
PGIC scale, 6 patients reported a rating of 2 (much improved)
and 1 patient reported a rating of 3 (minimally improved). All
7 patients used the stimulator regularly (2-10 times daily; Table
2). The remaining 2 patients reported poor pain relief; 1 reported
a rating of 4 (no change) and 1 a rating of 5 (minimally worse)
on the PGIC scale. The median VAS score in the 9 patients
decreased significantly from 8.6 (range, 7.0-10.0) to 4.5 (range,
3.0-8.0; P = .008; Figure 2). The mean VAS score reduction in
all 9 patients was 41.5% (range, 19%-57%). In the 7 patients
with good long-term outcome, the mean VAS score reduction
was 46.5% (range, 30%-57%).

Analysis of data from the 2 patients who showed poor long-
term results revealed that patient 2 had an initially modest response
to trial stimulation. Thereafter, she experienced decreased anal-
gesic efficacy of SCS along with uncomfortable paresthesia in
response to stimulation. The other patient (patient 16) had a good
response to trial and initial stimulation, but subsequently expe-
rienced progressive loss of efficacy of SCS.

The most common stimulation parameters were an amplitude

of 1.5 to 3 V (range, 1.5-6 V), a pulse width of 210 ps (range,
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FIGURE 2. Bar graph showing changes in visual analogue scale (VAS) scores

Jor 10 permanently implanted patients during trial stimulation and latest
Jollow-up The median VAS score in target areas decreased significantly from
8.3 (range, 6.5-10.0) to 3.5 (range, 1.5-10.0) after the trial (P < .001) and
to 4.5 at latest follow-up (range, 3.0-8.0; P = .008). *Patient 30 had less
than 6 months of follow-up and was therefore excluded from long-term follow-
up analysis.

210-350 ps), and a frequency of 31 Hz (range, 10-50 Hz) with a
bipolar configuration.

Complications

The complications observed included only minor displacement
of the electrode tip in 2 patients. This displacement was not asso-
ciated with a change of efficacy of stimulation, and thus no repo-
sitioning was attempted. During the follow-up period, 1 patient
(patient 4) died 3 years after implantation of a cause unrelated to SCS.

Clinical Factors Related to the Outcome of Trial
Stimulation

There was no significant difference between the 2 groups in
any of the factors examined. The incidence of hyperpathia was
higher in the poor group than in the good and fair groups, but
this result was below the threshold for significance (P = .074; data

not shown).

DISCUSSION

SCS has previously been considered ineffective for CPSP
despite the paucity of data in the literature to support this
idea.®” This study is the first to find that SCS may provide
improved pain control in a group of patients with medically
refractory CPSP. We found that half of the patients exhibited sig-
nificant pain relief during trial stimulation (Table 1). Moreover,
7 of 9 patients continued to exhibit significant pain relief over
a mean follow-up period of 28 months (range, 6-62 months;
Table 2). Among these 7 patients, 6 patients reported a rating
of 2 (much improved), whereas 1 reported a rating of 3 (min-
imally improved) on the PGIC scale, and the mean VAS score

reduction was 46.5%.
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A previous report indicated that 80% of failed back surgery syn-
drome patients achieve more than 50% pain reduction during trial
stimulation.” We obtained a lower rate of success during trial stim-
ulation, with 50% of our patients reporting more than 30% pain
reduction, and 30% reporting more than 50% pain reduction.
However, this modest degree of efficacy is important considering
the severity of pain in these patients, the refractory nature of their
pain, and the paucity of alterative therapeutic options.

To our knowledge, only 2 previous retrospective studies inves-
tigated the use of SCS in CPSP.%7-10:11 [n agreement with our
findings, the first study reported long-term efficacy in 3 of 10
patients,'® whereas the second study reported long-term pain
reduction (260%) in only 3 of 45 patients.'" Using 30% or greater
pain reduction as a threshold for success, 6 of our 30 patients
(with a mean VAS score reduction of 51.5%) were considered to
have a satisfactory outcome, as supported by their choice of much
improved on the PGIC scale. The discrepancy between our find-
ings and those of the Katayama et al'! study may be because of
differences in the threshold indicator of a good outcome. Although
no consensus exists regarding the definition of a good outcome
in chronic pain studies, the criterion of 50% pain relief is increas-
ingly challenged because pain reduction as low as 30% corre-
sponds to a clinically important improvement in many patients.”!>
We therefore suspect that the clinical efficacy of SCS may have
been previously underestimated as a result of the use of an unsuit-
ably high threshold for success.

Therapeutic options for medically refractory CPSP are limited.'®
MCS is reported to provide pain relief in 50% of patients with
CPSP.8 However, because MCS requires a craniotomy, its use is
limited to specialized neurosurgical centers.® In contrast, the
SCS technique is relatively simple, less invasive, and can be mas-
tered not only by neurosurgeons but by many anesthesiologists
and pain clinicians as well.'” Compared with other neurostim-
ulation procedures, percutaneous trial SCS is better tolerated
by patients and the electrodes can be removed easily if a trial
fails. In our series, the minimal invasiveness and high degree of
safety of SCS were demonstrated by the absence of significant com-
plications.

The distribution of CPSP throughout the body may be quite
variable. CPSP most often occurs in a hemibody fashion, but may
be restricted to distal parts of the body such as the hand or foot.°
Because coverage of the entire targeted region of pain by stimu-
lation paresthesia is essential for the success of SCS,® we selected
the most painful region, which is somewhat restricted, as a target
for SCS. In this context, a majority of our patients had leg pain
most frequently caused by putaminal hemorrhage. Putaminal
hemorrhage that affects the posterior part of the internal capsule
has the propensity to cause pain that is most severe in, or con-
fined to, the leg.!” We considered patients with leg-dominant
CPSP suitable candidates for SCS because thoracic electrodes are
less susceptible to displacement than cervical electrodes.?® In addi-
tion, lower limb pain is not considered a good indication for MCS,
given the technical difficulties associated with implanting elec-
trodes on the medial surface of the brain.®
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In our analysis of clinical factors that may be predictive of response
to trial stimulation, we found that patients with hyperpathia tended
to respond less well to trial stimulation than those without. This obser-
vation is consistent with a previous report in which SCS was less
effective for control of evoked pain than spontaneous pain.?! We
also found that the effects of trial stimulation were sustained after
permanent implantation in the majority of patients. SCS trial stim-
ulation is thus advantageous for predicting efficacy in a minimally
invasive manner before permanent implantation.

The mechanism behind the pain-relieving effects of SCS is
still not fully understood. Inhibition at the spinal segmental
level and activation of supraspinal mechanisms have been sug-
gested as possible neurophysiological mechanisms.>* Positron
emission tomography and functional magnetic resonance imag-
ing studies have detected brain activation during SCS.?* Using
H(2) 150 positron emission tomography, we recently observed
activation not only in somatosensory areas but also in those areas
concerned with emotional aspects of pain such as the anterior
cingulate cortex and prefrontal areas.”?> CPSP is thought to be
caused by abnormal processing of nociceptive information ros-
tral to the level of deafferentation.!! Therefore, we speculate
that the pain-relieving effect of SCS in CPSP may be interpreted
in light of its supraspinal mechanisms.

Study Limitations

Two limitations of our study are its retrospective design and
small sample size. Unfortunately, it is difficult to recruit a large
number of CPSP patients in 1 center owing to the low prevalence
and underdiagnosis of this condition.® A third limitation is that
our study lacked a control arm. Because SCS induces perceptible
sensation, it is difficult to conduct prospective, crossover, placebo-
controlled studies or blinded evaluations.?* Therefore, the role of
the placebo effect remains an unresolved problem in SCS litera-
ture.>* However, the sustained pain relief in our patients and its
correlation to certain stimulation parameters argue against a
placebo effect. In the face of unblinded assessment, it may be
claimed that placebo effects themselves can run as high as our rel-
atively low threshold of success (30% pain reduction). However,
using double-blind testing in MCS patients, Rasche et al'® found
all placebo responders to have less than 30% pain reduction.
Therefore, the author concluded that setting the bar at 30% was
helpful to discriminate between true and placebo responders. We
could not recruit case-matched controls, as our surgical practice
allowed us to provide long-term follow-up care only for surgically
treated patients. In view of the lack of a control group, one may
argue that the long-term pain-relieving effect of SCS may be attrib-
uted to spontaneous regression of symptoms; however, in our
experience, as in that of others, medically refractory CPSP usually
persists over a long time and rarely regresses spontancously.*

Despite these limitations, our data support the idea that SCS
may provide improved pain control in a group of patients with
severe CPSP that is refractory to other treatments. A prospective,
controlled study with a larger population of patients is needed to
provide stronger evidence of the efficacy of SCS in CPSP.

NEUROSURGERY
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CONCLUSION

This study is the first to find that SCS may provide improved
pain control in a group of patients with medically intractable
CPSP. The efficacy of SCS in CPSP is generally modest, both in
terms of the success rate and degree of pain relief. However, this
modest degree of efficacy is important considering the severity of
pain in these patients, the refractory nature of their pain, and the
paucity of alterative therapeutic options. A further prospective,
controlled study with a larger population of patients is needed to
provide stronger evidence of the efficacy of SCS in CPSP and
define the patient population who are most likely to benefit from
SCS treatment.

Disclosure

The authors have no personal financial or institutional interest in any of the
drugs, marterials, or devices described in this article.
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COMMENT

his article reports the authors’ experience using spinal cord stimula-

tion to treat central poststroke pain. This pain syndrome is quite
difficult to treat using typical pain management techniques such as phys-
iotherapy and pharmacologic measures. The few reports in existence
describe fairly unimpressive results for the efficacy of spinal cord stimu-
lation in poststroke pain. I applaud the authors’ persistence in provid-
ing additional evidence of the use of this technique. Apparently there
may be hope yet for this technique in poststroke pain.

Of the 30 patients who underwent a trial of spinal cord stimulation, 10
underwent permanent placement, and 9 were available for follow-up. Good
or fair pain relief was seen in 7 of 9 patients (78%) with just over a mean
2-year follow-up. Outcome measures were change in visual analogue scale
scores and a patient satisfaction rating (Patient Global Impression of
Change). Minor, clinically insignificant migrations were seen in 2 patients.

These results are not all that different from results of spinal cord stim-
ulation used to treat other neuropathic pain syndromes. Given that post-
stroke patients who do not respond to less invasive pain management
strategies have few remaining treatment options, an overall 30% (9/30)
success rate, as seen in this study, is better than nothing. At least most of
the treatment failures can be screened by the trial process, thus reducing
the overall cost of the therapy. Patients with permanent implants had
nearly an 80% success rate at 2 years.

Additionally, regarding the authors’ belief that a 50% response rate as
a definition of a “successful” implant, I agree that this is arbitrary and
restrictive. It is a reasonable number, however, for research purposes and
allows a degree of standardization of outcomes between studies. As noted
by these authors, in clinical practice, patients will often be satisfied with
less than 50% pain relief. I routinely see this in my practice, and this issue
should be kept in mind when interpreting the outcomes of any pain study.

I completely agree with the authors’ belief that spinal cord stimula-
tion should be one of many neurostimulation techniques available to
treat the medically-refractory post-stroke pain patient. Depending upon
the distribution of pain, motor cortex stimulation, spinal cord stimula-
tion, spinal nerve root stimulation, peripheral nerve stimulation, and
subcutaneous peripheral nerve stimulation should all be considered as
reasonable options. Generally, I favor the least invasive, safest, and most
effective technique that covers the pain most completely. This study pro-
vides evidence that spinal cord stimulation, like these other forms of neu-
rostimulation, should not be excluded a priori as a treatment option, but
should be used when appropriate when less invasive measures fail.

Christopher J. Winfree
New York, New York
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Language dominance and mapping based on neuromagnetic
oscillatory changes: comparison with invasive procedures
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Object. Event-related cerebral oscillatory changes reflect regional brain activation. In a previous study, the au-
thors proposed a new method to determine language dominance: examine frontal oscillatory changes during silent
reading by using synthetic aperture magnetometry (SAM). The authors’ aims in the present study were to establish a
normal template for this method, to confirm the results of their previous study with a larger patient population, and to
evaluate their method with respect to language localization.

Methods. A statistical group analysis of 14 healthy volunteers was conducted to establish a normal control.
Language dominance and localization were then evaluated in a larger population of 123 consecutive patients. Study
participants were instructed to silently read 100 visually presented words. Using SAM, the spatial distribution of the
oscillatory changes was obtained as the Student t statistic by comparing the current density for each voxel between 1
second before and 1 second after each word presentation. Group analyses of the healthy volunteers were performed
using statistical nonparametric mapping. Language dominance in the patients was determined according to the later-
ality index (LI) calculated using peak t values of the left and right frontal desynchronizations. Language dominance
was prospectively assessed, and the results were compared with those of the Wada test (63 patients). Language local-
ization results were quantitatively compared with those of stimulation mapping (17 patients).

Results. Group analysis of the healthy volunteers indicated { to low y band desynchronization in the left frontal
area and o to P desynchronization in the left parietotemporal areas. In patients, the frontal language areas were de-
tected in 118 persons (95.9%). Lateralization of  or low y desynchronization in the inferior or middle frontal gyri
corresponded well with language dominance. The introduction of the LI resulted in a quantitative evaluation of lan-
guage dominance, whose results were concordant with those of the Wada test in 51 (85.0%) of 60 cases. The distance
between the estimated frontal language areas and stimulation-positive sites was 6.0 = 7.1 mm (mean = SD).

Conclusions. This study is the first in which magnetoencephalography (MEG) was used to determine language
dominance in a large population, and the results were compared with those of the Wada test. Moreover, language
localization results obtained using MEG were compared with those obtained by invasive mapping. The authors’
method, which is based on neuromagnetic oscillatory changes, is a new approach for noninvasively evaluating the
frontal language areas, a procedure that has been problematic using MEG dipole methods. Synthetic aperture magne-
tometry is a noninvasive alternative to Wada testing for language dominance and helps to determine stimulation sites
for invasive mapping. (DOI: 10.3171/2009.7 JNS09239)

Key Worps ¢ functional brain mapping ¢ languagearea ¢ oscillation
language dominance * magnetoencephalography ¢  synthetic aperture magnetometry

jection procedure, is most often used to determine
language dominance. However, it is an invasive test
that involves the risks associated with cerebral angiog-

THE Wada test,* or intracarotid anesthetic agent in-

Abbreviations used in this paper: BA = Brodmann area; ECD
= equivalent current dipole; ECoG = electrocorticography; ERD =
event-related desynchronization; ERS = event-related synchroniza-
tion; fMR = functional MR; LI = laterality index; MEG = magneto-
encephalography; MNI = Montreal Neurological Institute; SAM =
synthetic aperture magnetometry.
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raphy. Total complication rates of 1.2-17.0% have been
reported, as have 0.3-6.9% rates of neurological compli-
cations, including transient ischemic attack (0.3-2.1%),
cerebral infarction (0-1.0%), hematoma at the puncture
site (0.4—4.2%), arterial dissection (0.07-0.4%), and aller-
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gic reaction (0.03-0.1%).%12.1421.2347 The Wada test does not
always indicate the correct language dominance because
of crossed circulation from the contralateral hemisphere.
Neither can it provide information about language local-
ization. Furthermore, amobarbital has recently become
difficult to obtain.® Thus, there has been great interest in
replacing the Wada test with a noninvasive procedure.!

Electrical cortical stimulation, the gold standard for
language localization, is performed with either chronic
subdural electrodes or a bipolar electrical stimulator dur-
ing awake surgery. The use of chronic subdural electrodes
requires an additional surgical procedure and a test period
and presents increased risks of infection, seizure, and CSF
leakage, among other complications.?*> Moreover, cortical
stimulation during awake surgery tends to prolong the op-
erative time, inducing patient anxiety and an increased risk
of seizure.?

Functional neuroimaging provides functional in-
formation less invasively or altogether noninvasively.
Several PET and many fMR imaging studies have dem-
onstrated the estimation of language dominance and lo-
calization.>*1%1840 However, standard noninvasive meth-
ods of determining language dominance have yet to be
established. Authors of a recent fMR imaging study have
reported that the accuracy of this imaging modality is in-
sufficient as an alternative to invasive mapping.** Indeed,
cerebral blood flow does not necessarily correlate with
brain function itself, especially in pathological states.*

Magnetoencephalography directly measures neuro-
physiological processes with as high a temporal resolu-
tion as, and a higher spatial resolution than, electroen-
cephalography and may be the most appropriate tool to
directly evaluate brain function, including language func-
tion. With respect to language dominance, Papanicolaou
et al.?” have shown excellent results using the ECD model;
however, this method has some difficulty in consistently
detecting the frontal language areas. In a later study, these
same authors?® reported that in using the ECD method,
they detected frontal language areas in only 45% of cas-
es. Therefore, one could say that MEG has had difficulty
competing with both PET and fMR imaging in localizing
language areas, especially the frontal language areas.

Basic brain rhythms change their signal power due
to brain activation. Event-related synchronization (ERS)
is an increase in the oscillation amplitude of a specific
frequency band that occurs in relation to specific neural
activity.*® The opposite phenomenon, a decrease in oscil-
lation amplitude, is known as event-related desynchroni-
zation (ERD).*! Many MEG studies'**** as well as ECoG
studies”*” have shown that these oscillatory changes re-
flect cerebral functional activation well.

In a previous study, we proposed a new method of de-
termining language dominance based on the local oscilla-
tory changes related to silent reading, and we demonstrated
that the lateralization of § or low y band desynchronization
in the inferior or middle frontal gyrus is a good indicator
of the side of language dominance.” In the present study,
based on local oscillatory changes (ERD and ERS) related
to silent reading, language dominance was prospectively
evaluated in a much larger population, and language lo-
calization was noninvasively analyzed using SAM. Group
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analysis of healthy volunteers was also performed to estab-
lish normal controls.

Methods
Study Population

In accordance with the Helsinki Declaration, in-
formed consent was obtained from all study participants.
The ethics committee of Osaka University Hospital ap-
proved the protocol.

Fourteen healthy volunteers (5 male and 9 female,
with a mean age [+ SD] of 25.4 + 5.3 years) and 123 con-
secutive preoperative neurosurgical patients (75 male and
48 female, with a mean age of 36.3 + 16.7 years) with
intractable epilepsy (44 patients) or lesions around the
language areas (brain tumor, 57 patients; vascular lesion,
17 patients; other, 5 patients) participated in this study.
Handedness was determined using the handedness quo-
tient according to the Edinburgh Handedness Inventory.2®
All healthy volunteers were strongly right-handed. Among
the patients, 109 were right-handed, 8 were left-handed,
and 6 were ambidextrous. In 106 of the 123 patients, lan-
guage dominance was prospectively determined using
MEQG, and the findings were compared with results of the
Wada test in 63 cases. The results of language localiza-
tion were compared with those of stimulation mapping in
17 cases—with subdural electrodes in 13 and intraopera-
tive cortical stimulation in 4 (Table 1).

Magnetoencephalography Task

A silent reading task was performed during MEG in
each participant, who sat with eyes open in a comfortable
chair in a magnetically shielded room. After the presen-
tation of an eye fixation point for 3 seconds, a 3-char-
acter Japanese hiragana semantic word was shown for 3
seconds on an 80-inch rear projection screen (RUX87,
Kimoto Co., Ltd.) located 1.5 m away from the partici-
pant. Visual stimuli were generated using a ViSaGe vi-
sual presentation system (Cambridge Research Systems,
Ltd.) and were projected by a DLP projector (Depth Q,
MacNaughton, Inc.) located outside the shielded room.
Participants were instructed to read each word only once
and without phonation immediately after presentation of
the word. One session consisted of 100 different word
presentations. Words were selected from an elementary
school dictionary for quick and easy understanding by
all participants. The word stimuli subtended a horizontal
visual angle of 3° and a vertical angle of 1° thus, no eye
movements were necessary to scan the presented word.

Magnetoencephalography Measurements

A whole-head, 64-channel MEG system (model 100,
NeuroSQUID, CTF Systems, Inc.) was used for record-
ings. Magnetoencephalography signals were digitized
at a sampling rate of 625 Hz and filtered with a 200-Hz
online, low pass filter. Notch filters were used at 60 and
120 Hz to eliminate alternating current line noise. Data of
5000-msec duration with a 2500-msec prestimulus inter-
val were collected for each of the 100 trials. At the begin-
ning and end of each measurement, the participant’s head
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TABLE 1: Summary of characteristics in patients who underwent stimulation mapping*

Sex, Edinburgh Inventory
Case Age Side of Handed- Results of ~ Resultsof  Type of Inva-

No.  (yrs) Lesion Lesion Site Diagnosis ness Quotient ~ Wada Test SAM sive Mapping

1 M, 18 It parietal lobe epilepsy It -92 rt It subdural

2 F35 It frontotemporal cavernoma rt 83 It It awake

3 M4 It temporal lobe epilepsy rt 100 It It subdural

4 M 14 It temporal lobe epilepsy rt 100 It It subdural

5 M43 It temporal lobe epilepsy rt 60 It It subdural

6 M, 34 It Broca area anaplastic oligoastrocytoma amb 6 It It awake

7 M, 62 It Broca area glioma rt 100 It It subdural

8 M25 It temporal lobe epilepsy it 100 bilatt bilat subdural

9 M 47 It temporal lobe epilepsy rt 100 It It subdural
10 F, 42 It Broca area astrocytoma GllI rt 100 It It awake
1 F, 28 It temporal lobe epilepsy rt 90 bilat It subdural
12 M, 31 It parietal lobe epilepsy rt 78 1§ rt subdural
13 F, 25 It parietotemporal lobe  epilepsy it — It It subdural
14 F58 It temporal lobe epilepsy i — bilatt It subdural
15 M, 37 It Broca area oligodendroglioma it — It It awake
16 M, 34 It temporal lobe cavernoma it — Iy rt subdural
17 F, 18 It temporal lobe epilepsy it — It It subdural

* amb = ambidextrous; GlIl = Grade Ill; | = inconclusive; — = not performed.

ek

Aphasic symptoms were induced bilaterally but were more severe in the left side than the right.
Aphasic symptoms were induced bilaterally but were more severe in the right side than the left.

§ Patient had occlusion of the left internal carotid artery. Only the right side test was performed, showing aphasic symptoms.

9 Patient showed no aphasic symptoms during the Wada test.

position was registered with localization coils placed at
the nasion and bilateral preauricular points. For each par-
ticipant, MR images were obtained using either of two
1.5-T units (1.5T Signa EXCITE HD, GE Medical Sys-
tems; or MAGNETOM Vision Plus, Siemens) or a 3-T 3T
Signa EXCITE HD, GE Medical Systems) MR imaging
system in a T1-weighted sequence of 130 sagittal slices
(gapless 1.4-mm thickness) with fiducial skin markers at
the nasion and bilateral preauricular points. Registering
the head position at these 3 points allowed the MEG data
to be superimposed on the individual MR images with an
anatomical accuracy of a few millimeters.

Magnetoencephalographic Analyses

Cerebral oscillatory changes related to silent reading
were estimated with SAM, whose detailed algorithm is
described elsewhere.?># Synthetic aperture magnetom-
etry estimates the source power with high spatial resolu-
tion by forming a linear combination of sensors that can
suppress the signals from environmental noise or other
brain areas without attenuating the power from the tar-
get voxel. The MEG data were divided into 5 frequency
bands as follows: 6 (3-8 Hz), a (8-13 Hz), § (13-25 Hz),
low vy (25-50 Hz), and high y (50-100 Hz) bands. Cur-
rent density for each voxel was calculated using the mul-
tisphere head model based on the individual MR image.
Changes in the current density for each voxel between
the active state (0—1000 msec after stimulus) and the con-

530

trol state (1000-0 msec before stimulus) were statistically
analyzed with the Student t-test. Synthetic aperture mag-
netometry images were constructed on a 5 X 5 X 5-mm
grid throughout the entire brain. Negative and positive t
values indicate ERD and ERS, respectively. Voxels with
current density differences at p < 0.001 were considered
statistically significant. In the patients, t values were cal-
culated using the jackknife method, and the distribution
of t values was displayed on the individual MR images for
each frequency band.

In the healthy volunteers, pseudo—t values were cal-
culated. Group analyses were then performed using a
nonparametric permutation toolbox for SPM2 known as
statistical nonparametric mapping (http://www.fil.ion.ucl.
ac.uk/spm/snpm/).* The functional images were normal-
ized to template brain images created by the MNL.!! Per-
mutation tests (256 permutations) were performed using a
pseudo-—t statistic incorporating variance smoothing with
a Gaussian kernel (full width at half maximum) of 20
mm. Voxels with differences at p < 0.05 (corrected) were
considered statistically significant.

Three-dimensional images were made using MRI3DX
(http://www jiscmail.ac.uk/lists/mri3dX.html) on a tem-
plate brain for healthy group data and individual brains for
each patient’s data.

Language dominance was determined according to
the LI, which was calculated using peak t values of the
left and right frontal desynchronizations. Details of the
definition of the LI and the protocol to determine lan-
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guage dominance have been described in our previous
study."” Briefly, the LI is defined as follows: 2(TR - TL)/
(ITRI + ITLI), where the t values of the most prominent
ERD in the specified frequency band within the related
region and its contralateral homologous region were se-
lected, and of these 2 selected values, the t value on the
right side is TR and on the left side is TL. The priority
of the regions used for calculating the LI was as follows:
inferior frontal area > middle frontal area. The priority of
the frequency bands used to calculate the LI was as fol-
lows: low y band >  band > o band. Finally, the criteria
for language dominance were as follows: when LI < -0.1,
language dominance was right sided; when —-0.1 < LI <
0.1, language dominance was bilateral; and when 0.1 <
LI, dominance was left sided. Language dominance was
prospectively evaluated in all but the initial 17 patients
(including 14 patients who underwent the Wada test) who
had been retrospectively studied to establish the criteria
for language dominance.

With respect to language localization, voxels with
statistically significant differences in each frequency
band were superimposed on individual 3D MR images
using MRI3DX. The oscillatory changes within the brain
were displayed with partial transparency so that the deep-
er the oscillatory changes were, the more attenuated they
appeared. Anatomical localizations of significant oscilla-
tory changes were determined by reference to a standard
stereotactic atlas.*? The Talairach atlas also provided as-
sociations between the BAs and stereotactic coordinates.
Because the MNI template used in SPM2 is different
from the Talairach brain, MNI coordinates were trans-
formed into Talairach coordinates.?

The Wada Test

Language dominance was determined using the
Wada test*® in 77 patients. After a catheter was placed in
1 extracranial internal carotid artery, thiamylal sodium
dissolved in saline was slowly injected until complete pa-
ralysis of the contralateral hand was obvious. Approxi-
mately 15 mg of thiamylal sodium was needed for hemi-
spheric anesthesia. Patients were subjected to language
tasks: object naming, picture naming, repetition, and word
reading. In those who recovered from hemispheric anes-
thesia before the neurological evaluation was completed,
additional thiamylal sodium was injected and the residual
evaluation was performed. More than 30 minutes after
the injection of thiamylal sodium and after confirming
that paralysis was no longer present, the other side was
tested. Neuropsychologists blinded to the MEG results
judged the Wada test results. Anomia, hesitation, para-
phasia, and anarthria were considered aphasic symptoms.
Dysarthria was excluded from aphasic symptoms. Inves-
tigators who analyzed the MEG data were blinded to the
Wada test results.

Cortical Stimulation

Electrical cortical stimulation using bipolar, bipha-
sic square-wave pulses was applied according to standard
procedures.??5 After-discharge was monitored to prevent
the occurrence of a seizure. The pulse duration was 0.2
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msec and the stimulus frequency was 50 Hz. Stimulus in-
tensity began at 2 mA and was progressively increased by
2-mA steps until a neurological change was elicited, the
stimulus intensity reached a maximum of 15 mA, or after-
discharges were provoked. As a rule, stimulation lasted
for up to 5 seconds, although sometimes longer-duration
stimulation was required if the participant showed no
neurological changes. Picture naming and repetition tasks
were used for the neurological evaluation performed by
the neuropsychologists. Anomia, hesitation, paraphasia,
and anarthria were considered aphasic symptoms. Dysar-
thria was excluded from the aphasic symptoms.

Chronic subdural electrodes consisted of 20 pole grid
electrodes and/or 4 pole strip electrodes (Unique Medi-
cal) with interelectrode intervals of 10 mm and electrode

~ diameters of 3 mm.

Propofol and dexmedetomidine were used to induce
general anesthesia during the awake surgeries. The laryn-
geal mask was removed just before intraoperative cortical
stimulation was applied, and a bipolar cortical stimula-
tor with a 3-mm interelectrode interval (Unique Medical)
was used.

Comparison of Localizations Determined With MEG and
Cortical Stimulation Methods

The locations of subdural electrodes were determined
from a fusion image of the CT scan (electrodes) and MR
image (brain surface). The locations of stimulated sites
during awake surgery were recorded by a neuronavigation
system. In the case of bipolar stimulation, the location of
the cathode electrodes was defined as the stimulation site.
The voxels with significant ERDs in the 0, o, 8, low y, and
high y bands were superimposed on MR images. The dis-
tance between these voxels and stimulation-positive sites
was calculated and defined as the difference in language
localization between MEG and stimulation mapping.

Results
Healthy Volunteers

The Edinburgh Inventory indicated a mean handed-
ness quotient of 92.0 + 10.6% in healthy volunteers. Group
analysis for the healthy volunteers indicated that statisti-
cally significant 3 and low y ERDs were observed in the
frontal areas with the highest t value (Table 2 and Fig. 1C
and D). These ERDs were strongly lateralized to the left.
The p ERD was located in the left precentral sulcus (BA6
and 44), and the low y ERD, which was located in the left
inferior and middle frontal gyri (BAI10, 46, 45, and 44),
was more anterior than the § ERD. High y ERD was well
localized in the left inferior and middle frontal gyri ante-
riorly, although it was not statistically significant (Fig. 1E).
Both o and § ERDs were found in the left temporopari-
etooccipital junction (BA7, 19,22, 39, 40, and 42) with sta-
tistical significance (Fig. 1B and C). These ERDs in the
posterior language areas were also lateralized to the left,
except for the o ERD in the occipital areas (BA19), but not
as strongly as the frontal ERDs. High y ERS was found in
the bilateral occipital areas (Fig. 1E), and 6 ERS appeared
in the bilateral medial prefrontal areas (Fig. 1A), although
these synchronizations were not statistically significant.
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TABLE 2: Statistical nonparametric mapping group SAM results corrected for 14 healthy volunteers

MNI Coordinates

Frequency Side of Significant ~ Broadman L
Band Anatomical Area ERD/ERS Area X Y Z ClusterSize  pValue  Pseudo-T Value

o ERS superior frontal gyrus It 10 14 64 32 74 0.0156 4.52
middle frontal gyrus rt 8 =32 42 5 89 0.0195 4.46
middle frontal gyrus rt 10 =38 58 20 14 0.0352 4.04

o ERD lat occipital sulcus rt 19 -36 -68 12 1667 0.0039 5.14
middle occipital gyrus rt 19 -38 -90 22 0.043 4.22
superior occipital gyrus rt 19 -28 -78 40 0.043 4.2
angular gyrus It 39 34 -64 18 1448 0.0078 469
superior temporal sulcus It 22 48 -54 16 0.0156 4.49
superior temporal sulcus It 22 5 -46 12 0.0156 442
intraparietal sulcus It 7 20 -64 50 32 0.0156 4.4
parietooccipital sulcus It 7 2 70 30 11 0.0312 4.27

B ERD precentral sulcus It 6, 44 50 =2 8 729 0.0078 477
precentral sulcus It 6, 44 48 -6 26 0.0156 4.31
intraparietal sulcus It 40 32 -48 42 1590 0.0078 4.74
intraparietal sulcus It 7 26 -54 42 0.0078 4.72
intraparietal sulcus It 7 12 -60 34 0.0117 45
transverse temporal gyrus It 42 4 -36 20 73 0.0195 4.23
angular gyrus rt 39 -38 -66 14 177 0.0195 4.22
lat occipital sulcus rt 19 -34 -64 6 0.0234 4.17
intraparietal sulcus rt 7 -2 -56 46 139 0.0234 4.2
intraparietal sulcus rt 7 -26 -62 32 — 0.0234 419

lowy ERD inferior & middle frontal gyri It 10,46,45,44 30 54 -10 16,248 0.0078 519
posterior cingulate gyrus It 31 10 -48 36 1158 0.0156 4.31
middle frontal gyrus rt 46 -50 48 6 49 0.0195 4.23
middle frontal gyrus It 46 44 48 28 1 0.0469 3.79

These results were concordant with our findings in previ-
ous studies in healthy volunteers'"” and patients.”

Patient Population

The Wada Test. The Wada test was performed in 77
patients, showing left language dominance in 61 (79.2%),
right dominance in 6 (7.8%), bilateral dominance in 7
(9.1%), and inconclusive results in 3 (3.9%). Nine of 14
left-handed and ambidextrous patients underwent the
Wada test (Table 3). The patient in 1 of the inconclusive
cases (Case 12 in Table 1) had an occlusion of the left
internal carotid artery; therefore, only a right side injec-
tion was performed, which led to aphasic symptoms. The
patient in the second inconclusive case (Case 16 in Table
1) did not present any aphasic symptoms during the pro-
cedure. In the third inconclusive case—invasive mapping
was not performed in this case—the Wada test failed due
to the deterioration of consciousness induced by barbitu-
rate injection.

Cortical Stimulation

Chronic subdural stimulation was performed in 13
patients, and intraoperative cortical stimulation dur-
ing awake surgery was conducted in 4 patients. Cortical
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stimulation was performed in the left hemisphere in all
cases. In 12 patients, aphasic symptoms were induced in
65 stimulated sites. In the patients in Cases 1, 2, 4, 12,
and 17, electrical cortical stimulation did not reveal any
stimulation-positive sites. Procedures were incompletely
performed in 2 patients (both chronic subdural stimula-
tion: Cases 5 and 17) because of seizure evoked by elec-
trical stimulation.

Magnetoencephalography and its Comparison With the
Wada Test and Cortical Stimulation

The frontal language areas were detected in 118 pa-
tients (95.9%), which was high enough to determine lan-
guage dominance. Lateralization of the f§ and low y ERDs
in the inferior or middle frontal gyrus corresponded well
with language dominance as determined by the Wada test,
as we previously reported.”” The introduction of the LI
enabled quantitative evaluation of language dominance.
In 63 patients, language dominance results of MEG were
prospectively compared with results of the Wada test (Ta-
ble 3). In 3 patients, the Wada test was inconclusive. Mag-
netoencephalography results were concordant with those
of the Wada test in 51 (85.0%; left 45, right 4, bilateral 2)
of the 60 patients. Sensitivity was 86.7% and specificity
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Fie. 1. Group-analyzed images obtained in healthy volunteers, showing the cerebral oscillatory changes induced by silent
word reading.  A: The 6 band (3-8 Hz). B: The o band (8-13 Hz). C: The B band (13-25 Hz). D: Low y band (25-50
Hz). E:Highy band (50100 Hz). Magenta areas indicate ERD; yellow areas, ERS. Spatial distribution of the t values were
superimposed on the MNI template brain.

was 96.7%. In the left-handed and ambidextrous patients,
concordance with the Wada test was 77.8%, sensitivity
was 77.8%, and specificity was 100%.

Localization of the frontal language areas based on
SAM was compared with localization based on stimula-
tion mapping in 12 cases, excluding Cases 1, 2,4, 12, and
17 in which there were no stimulation-positive sites (Ta-
ble 1). Estimated frontal language areas were generally
concordant with the stimulation mapping results. The dif-
ference in localization between ERD voxels and stimula-
tion-positive sites was 6.0 = 7.1 mm (range 0-23.0 mm).
However, in the patient in Case 7, who presented with mo-
tor dysphasia preoperatively, there was a considerable dif-
ference (maximum 23.0 mm) between the § ERD voxels
and stimulation-positive sites, although the § ERDs were
detected diffusely in the left frontal area (Fig. 3 righ).
In stimulation mapping, advance information about lan-
guage localization provided by the MEG analysis helped
us to decide where to place the subdural electrodes as
well as where to stimulate during both awake surgery and
electrical stimulation of subdural electrodes. Because the
time for mapping is limited, especially during awake sur-
gery, advance information from MEG studies enabled us
to perform effective functional mapping.

Hlustrative Cases

Case 6. This 34-year-old man initially reported numb-
ness around his mouth and in his left hand. He also suf-
fered a motor aphasic attack. Magnetic resonance images
revealed a heterogeneously enhanced large mass lesion in
the left inferior frontal gyrus (Fig. 2A and B). Magnetoen-
cephalography detected a and  ERDs in the left inferior
frontal gyrus just posterior to the lesion (Fig. 2C). The Wada
test indicated that language dominance was left sided, find-
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ings consistent with the MEG results. Awake surgery was
performed. Electrical cortical stimulation applied, as de-
scribed in Methods, at sites almost identical with the ERDs
detected with MEG induced anarthria. Moreover, cortical
stimulation just anterior to the main ERD, detected partial-
ly as a low y ERD according to MEG, induced anomia or
paraphasia symptoms. The MEG results allowed for more
efficient, time-saving invasive mapping. Stimulation-pos-
itive sites were recorded using a neuronavigation system
(Fig. 2E), which was also useful for safe and maximal tu-
mor removal (Fig. 2F). Postoperative MR imaging showed
no residual enhanced lesion (Fig. 2G). The patient experi-
enced only transient, mild word-finding difficulty.

Case 7. This 62-year-old man presented with mild
motor dysphasia. Magnetic resonance images revealed an
enhanced mass lesion in the left inferior frontal gyrus.
Magnetoencephalography showed a § ERD in the left
precentral gyrus. The Wada test indicated that his lan-
guage dominance was left sided. Subdural electrodes
were placed over the left frontal area, and electrical stim-
ulation applied to those overlapping the § ERD—induced
anarthria. Note, however, that anomia was also induced
by electrical stimulation to broad areas more anterolateral
to the p ERD (Fig. 3 right).

Case 9. This 47-year-old man suffered from intracta-
ble epilepsy. Electroencephalography, MEG, and SPECT
suggested left temporal lobe epilepsy. Language MEG
indicated prominent and diffuse a to § ERDs in the left
frontal area (Fig. 3 lefr). Chronic subdural electrodes
were placed over the frontotemporal areas, and electrical
stimulation applied to the electrodes overlapping the low
y ERD induced anomia and hesitation symptoms.

Case 10. This 42-year-old woman suffered from
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TABLE 3: Comparison of estimated language dominance using
SAM and results of the Wada test

Wada Test
SAM Lt Bilat Rt  Inconclusive

all 63 cases

It 45 3 0 1

bilat 1 2 0 0

rt 1 1 4 2

inconclusive 3 0 0 0
9 It-handed or amb patients

It 4 0 0 0

bilat 0 0 0 0

rt 0 0 3 0

inconclusive 2 0 0 0

chronic headache, although she did not present with any
aphasic symptoms. A T2-weighted MR image demon-
strated a high-intensity lesion in the left precentral gyrus
(Fig. 4A). A low-grade glioma was suspected. Magneto-
encephalography showed a low y ERD in the left inferi-
or frontal sulcus just anterior to the lesion (Fig. 4B). The
Wada test showed that her language dominance was left
sided, results concordant with the MEG findings. Awake
surgery was performed. Frontal language areas were
identified using cortical stimulation with a bipolar stimu-
lator. Electrical stimulation at the same site as the low y
ERD induced a hesitation symptom. In addition to this

@ anomia/paraphasia

Fic. 2. Case 6. Images obtained in a patient with anaplastic oligoastrocytoma in the Broca area.  A: Preoperative Gd-
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MEG-positive site, electrical stimulation just superior to
the lesion induced anarthria and anomia. Although MEG
did not detect these additional positive sites, it did help to
effectively perform stimulation mapping within a limited
time. The patient did not experience any aphasic symp-
toms postoperatively. A postoperative MR image showed
no residual T2-weighted high-intensity lesion (Fig. 4C).

Discussion

This trial represents the first MEG study in a large
clinical population in which language dominance and
localization were noninvasively assessed and the results
prospectively compared with those of the Wada test and
cortical stimulation, respectively, and a normal group was
included.

Group Analysis of Healthy Volunteers

Our previous clinical study showed that § and low
y ERDs are induced in the inferior and middle frontal
areas lateralized to the dominant hemisphere.”” Group
analysis of healthy volunteers in the present study further
delineated this left lateralized frontal ERD. It was more
anteriorly localized (BA10) in the high y band and more
posteriorly distributed (BA44 and 13) in the § band, and
the low y band ERD was distributed with the highest t
value in the left inferior and middle frontal cortex (BA46
and 44) and the insular cortex (BA13). These results con-
firmed the validity of our criteria for language dominance
based on the frontal ERD.

The bilateral frontal pole (BA10) showed 0 and o

enhanced T1-weighted MR image revealing a heterogeneously enhanced large tumor in the left inferior frontal gyrus.  B: Pre-
operative T2-weighted MR image showing most of the inferior frontal gyrus occupied by the tumor. ~ C: An MEG image showing

language localization superimposed on the patient's MR image. Black arrowheads indicate the tumor boundary. Stimulation-
positive sites, indicated by the colored dots, were also superimposed on the MR image. Magenta areas indicate statistically
significant ERD detected on MEG; yellow areas indicate statistically significant ERS detected on MEG. A p value < 0.001 was
considered statistically significant. ~ D: Photograph showing electrical cortical stimulation during awake surgery. Subdural elec-
trodes were placed to monitor after-discharge. Numbered papers indicate stimulation-positive sites.  E: Navigation display
during stimulation mapping demonstrating a navigation probe pointing to a stimulation-positive site. F: Navigation display
during tumor removal showing a navigation probe pointing to the deepest tumor boundary portion. ~ G: Postoperative MR image
showing no apparent enhanced mass lesion.
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@ :nomia

Fie. 3. lllustrative MEG images superimposed on the individual MR images. Stimulation sites, indicated as colored dots,
were also superimposed on the same MR images. Left: Images obtained in the patient in Case 9 with temporal lobe epi-
lepsy.  Right: Images obtained in the patient in Case 7 with a glioma in the Broca area. Black arrowheads indicate the tumor
boundary. Magenta areas indicate statistically significant ERD detected by MEG; yellow areas, statistically significant ERS de-
tected by MEG. A p value < 0.001 was considered as statistically significant.

ERS. This ERS is most probably attributable to the fron-
tal midline O rhythm, which is generated in relation to
mental concentration or focused attention.” Ishii et al.,”
using SAM, have concluded that this rhythm is located in
the medial prefrontal cortex.

In the posterior language regions, the left angular
gyrus (BA39), left posterior superior temporal sulcus
(BA22), and right occipital cortex (BA19) showed sig-
nificant oo ERDs. The left intraparietal sulcus (BA40, 7)
showed a significant § ERD. These oscillatory changes
are most probably attributable to receptive language pro-
cessing and visual information processing. These oscilla-
tory changes, except for the occipital cortex (BA19), gen-
erally exhibited left lateralization, but not so strongly as
the frontal language areas. In our earlier clinical study,"”
oscillatory changes in the posterior regions did not show
left lateralization with statistical significance. One of the
possible reasons is that the posterior language area is not
as lateralized as the frontal language area.'?* Another
reason is that the control stimulus (a simple eye fixation
marker: +) in our silent reading task is not sufficiently
balanced with respect to visual response, resulting in a
contamination of visual information processing as well as
pure language processing. The introduction of a visually
balanced control stimulus may improve lateralization of
the posterior language area.

Language Dominance

In our previous study,” we proposed a noninvasive
method for the quantitative determination of language
dominance using SAM. The present prospective study in
a larger population confirmed the validity of our method.
Language dominance in left-handed or ambidextrous pa-
tients was also validated in a larger population (9 patients);
this is clinically significant because language dominance
in left-handed or ambidextrous patients has considerable
interindividual variation, and handedness does not serve
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as an indicator of language dominance. Consistencies
with the Wada test in the present study were as high as
those in an ECD-based study and other fMR imaging and
PET studies.'®?8-34 Thus, our method, which is based on
event-related cerebral oscillatory changes detected via
spatially filtered MEG, is competitive with ECD, fMR
imaging, and PET studies with respect to the evaluation
of language dominance.

It should be noted that even the Wada test does not al-
ways correctly indicate dominance, because the induced
aphasic symptoms are sometimes influenced by crossed
flow from the contralateral carotid artery via the anterior
communicating artery, the test sometimes results in an in-
complete evaluation, or the test is not executable because
of severe stenosis or occlusion of the carotid artery (Case
12). In the present study, the Wada test was inconclusive
in 3 cases (3.9%). Note also that the time for evaluation
is limited because the procedure is basically invasive,
requiring intraarterial catheterization. Furthermore, the
Wada test does not provide any information about lan-
guage localization. In this sense, our noninvasive method
is a promising means of evaluating language dominance
as well as language localization.

Even when language dominance determined by the
Wada test is presumed to be perfectly correct, the sensitiv-
ity and specificity of our method were 85.0% and 96.5%,
respectively. Sensitivity was rather low, compared with the
specificity—contrary to the findings of an ECD study.?®
One of the reasons is attributable to the narrow range of
our LI criteria for assigning bilateral representation (-0.1
to 0.1). If we were to choose a broader range, sensitivity
would improve, although specificity would decrease.

We introduced a hierarchy of frequency bands into
the criteria for determining language dominance: the first
priority is the low y band, the second the § band, and the
third the o band. A slowing down of the basic oscillation
is the most commonly observed phenomenon in patho-
logical states. We took into account this slowing down
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Fic. 4. Case 10. Images obtained in a patient with an astrocytoma in the Broca area. ~ A: Preoperative T1-weighted MR im-
age demonstrating an astrocytoma.  B: An MEG image showing language localization superimposed on an MR image. Black
arrowheads indicate the tumor boundary. Stimulation sites, indicated as colored dots, were also superimposed on the MR image.
Magenta areas indicate statistically significant ERD detected by MEG; yellow areas, statistically significant ERS detected by

MEG. A p value < 0.001 was considered statistically significant.

apparent mass lesion.

to make the criteria as robust as possible; having done
so may have contributed to the high consistency with the
Wada test.

Time frequency analysis showed that the f to low y
ERD was most prominent in the window from 150-600
msec (unpublished data). Therefore, the optimal time win-
dow for analysis is not 0-1000 msec but 150—600 msec.
Refinement of the time window for analysis may improve
the sensitivity to detect the language-specific responses.

In epilepsy surgery, the evaluation of memory domi-
nance is also indispensable as a preoperative examina-
tion, because the medial temporal structures, including
the hippocampus, are often resected in cases of temporal
lobe epilepsy. Another important role for the Wada test is
to evaluate memory dominancy including verbal memory.
At present, our method evaluates language function only,
not verbal memory. The evaluation of verbal memory us-
ing MEG clearly needs further investigation if the Wada
test is to be completely replaced by MEG.

Language Localization

As far as language localization is concerned, the
average distance between ERD voxels and stimulation-
positive sites was 6.0 = 7.1 mm. This result is comparable
to the findings of fMR imaging®3¢ and PET,* although
the evaluation methods in these studies are different from
ours. Our method seems to be sufficiently precise as a
screening test but insufficient as a definitive diagnostic
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C: Postoperative T2-weighted MR image demonstrating no

evaluation. In the present study, MEG results helped to
determine the stimulation sites during invasive mapping
and possibly to shorten the time required for stimulation
mapping.

To date, MEG had been considered suitable for detect-
ing the posterior language areas but not the frontal ones.”
The ECD method based on averaged evoked responses also
appears to have limitations in the frontal language area.
For example, authors of the most representative ECD study
have reported that the frontal language areas were detected
in only 45% of cases.?® This limitation was probably due
to the fact that late responses are canceled out through the
averaging process of ECD calculations, especially in the
higher-frequency bands in which the phase was perhaps
more variable. The ECD method also has some difficulty
in detecting individual posterior language areas such as
the posterior superior temporal gyrus, posterior temporal
base, and angular gyrus—which may explain why most
ECD studies describe desynchronizations concentrated
around the posterior superior temporal area, that is, the
intermediate areas between the angular cortex and basal
temporooccipital cortex.?’2%4! In contrast, spatially filtered
MEG analyses based on event-related cerebral oscillatory
changes have enabled us to consistently detect both the
frontal and individual posterior language areas. Data in
the present study show that spatially filtered MEG is com-
petitive with fMR imaging and PET techniques even in the
frontal language areas.
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Once again, for the reasons described above, the intro-
duction of a control stimulus visually balanced with active
stimuli would improve specific detection of the proper pos-
terior language areas as well as the evaluation of language
dominance in the posterior language areas independent of
that in the frontal language areas.

There were also some differences in the localization
of frontal language areas between MEG and stimulation
mapping. Our method failed to detect some stimulation-
positive sites. The silent word-reading test used in our
study may not have been an optimal task for complete
detection of the frontal language area. Additional tasks,
such as the verb-generation, picture-naming, or sentence-
reading task, might improve detectability.

Cases in which patients present with aphasic symp-
toms, such as Case 7, require careful consideration. In
such cases, the most prominent oscillatory changes might
not necessarily indicate the proper indispensable language
area, but rather the compensatory responses in neighbor-
ing or contralateral areas. These compensatory responses
might be prominent but functionally minor.

Neurophysiological Aspects

Magnetoencephalography and ECoG directly mea-
sure neurophysiological responses. This means that we
can obtain more information about functional localiza-
tion from a comparison with the subdural electrodes
based on not only the electrical cortical stimulation but
also the ECoG oscillatory changes during the same lan-
guage task. Such comparisons will contribute to further
improving the potential of MEG. Recently, several ECoG
studies have documented cerebral oscillatory changes
related to language processing.>¢7#* These studies have
revealed that in addition to o and § ERDs, language pro-
cessing induces a y ERS, which better reflects the spatial
distribution of the functional areas.5~’

Compared with fMR imaging and PET, MEG has
extremely high temporal resolution. Time-locked tasks,
such as those adopted in the present study, will contribute
to our understanding of the dynamic process of language
function as well as elucidate neurophysiological mecha-
nisms of pathological states.

Conclusions

Functional imaging with spatially filtered MEG
based on cortical oscillatory changes is competitive with
ECD, fMR imaging, and PET studies with respect to es-
timating language dominance. However, to replace the
Wada test with MEG, one must also establish the method
for evaluating verbal memory dominance. With regard
to language localization, our method consistently detects
the frontal language areas, which has been difficult with
ECD. Our method is a promising means of preoperative
evaluation and helps in choosing stimulation sites during
invasive mapping.

Disclosure

This work was supported by the Japan Society for the Promotion
of Science, Grants-in-Aid for Scientific Research (Nos. 17591512,

J Neurosurg | Volume 112 / March 2010

19390378, and 19650153 to H.M.), the Japan Society for the Pro-
motion of Science, Bilateral Joint Projects with the United Kingdom
in 20062007 “Development and validation of statistical analysis
in magnetoencephalography” (M.H.), and Goho Life Sciences
International Fund in 2008, “Development and validation of statisti-
cal analysis in magnetoencephalography” (M.H.).

Acknowledgments

The authors acknowledge Drs. Masaaki Taniguchi, Hirotomo
Ninomiya, Kosuke Iwaisako, and Takuyu Taki for the precious
opportunities to investigate their patients’ language function. They
also acknowledge Ms. Yuko Tamura and Ms. Izumi Kawaguchi for
their excellent secretarial work.

References

1. Abou-Khalil B: An update on determination of language domi-
nance in screening for epilepsy surgery: the Wada test and new-
er noninvasive alternatives. Epilepsia 48:442-455, 2007
2. Benson RR, FitzGerald DB, LeSueur LL, Kennedy DN,
Kwong KK, Buchbinder BR, et al: Language dominance
determined by whole brain functional MRI in patients with
brain lesions. Neurology 52:798—809, 1999
3. Binder JR, Swanson SJ, Hammeke TA, Morris GL, Mueller
WM, Fischer M, et al: Determination of language dominance
using functional MRI: a comparison with the Wada test. Neu-
rology 46:978-984, 1996
4. Bookheimer SY, Zeffiro TA, Blaxton T, Malow BA, Gaillard
WD, Sato S, et al: A direct comparison of PET activation and
electrocortical stimulation mapping for language localization.
Neurology 48:1056-1065, 1997
5. Crone NE, Boatman D, Gordon B, Hao L: Induced electrocor-
ticographic gamma activity during auditory perception. Bra-
zier Award-winning article, 2001. Clin Neurophysiol 112:
565-582, 2001
6. Crone NE, Hao L, Hart J Jr, Boatman D, Lesser RP, Irizarry
R, et al: Electrocorticographic gamma activity during word
production in spoken and sign language. Neurology 57:2045—
2053, 2001
7. Crone NE, Miglioretti DL, Gordon B, Lesser RP: Functional
mapping of human sensorimotor cortex with electrocortico-
graphic spectral analysis. II. Event-related synchronization in
the gamma band. Brain 121:2301-2315, 1998
8. Crone NE, Miglioretti DL, Gordon B, Sieracki JM, Wilson
MT, Uematsu S, et al: Functional mapping of human senso-
rimotor cortex with electrocorticographic spectral analysis.
I. Alpha and beta event-related desynchronization. Brain
121:2271-2299, 1998
9. Dawkins AA, Evans AL, Wattam J, Romanowski CA, Con-
nolly DJ, Hodgson TJ, et al: Complications of cerebral angiog-
raphy: a prospective analysis of 2,924 consecutive procedures.
Neuroradiology 49:753-759, 2007
10. Desmond JE, Sum JM, Wagner AD, Demb JB, Shear PK,
Glover GH, et al: Functional MRI measurement of language
lateralization in Wada-tested patients. Brain 118:1411-1419,
1995
11. Evans AC, Kamber M, Collins DL, MacDonald D: An MRI-
based probabilistic atlas of neuroanatomy, in Shorvon S, Fish
D, Andermann F, Bydder GM, Stefan H (eds): Magnetic Res-
onance Scanning and Epilepsy. New York: Plenum, 1994,
pp 263-274
12. Gasparini M, Arosio M, Galbiati N, Cappa S, Rota E, Bevilac-
qua L, et al: Neurological complications of cerebral angiogra-
phy. Ital J Neurol Sci 7:353-357, 1986
13. Grote CL, Meador K: Has amobarbital expired? Considering
the future of the Wada. Neurology 65:1692-1693, 2005
14. Heiserman JE, Dean BL, Hodak JA, Flom RA, Bird CR, Dray-
er BP, et al: Neurologic complications of cerebral angiogra-
phy. AJNR Am J Neuroradiol 15:1401-1411, 1994

537

=119 =



16.

17.

18.

19.

20.

21.

22.

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Hirata M, Kato A, Ninomiya H, Taniguchi M, Kishima T,

Yoshimine T: Spatiotemporal distributions of brain oscilla-
tion during silent reading. International Congress Series
1232:35-39, 2002

Hirata M, Kato A, Taniguchi M, Ninomiya H, Cheyne D, Rob-
inson SE, et al: Frequency-dependent spatial distribution of
human somatosensory evoked neuromagnetic fields. Neuro-
sci Lett 318:73-76, 2002

Hirata M, Kato A, Taniguchi M, Saitoh Y, Ninomiya H, Ihara
A, et al: Determination of language dominance with synthetic
aperture magnetometry: comparison with the Wada test. Neu-
roimage 23:46-53, 2004

Hunter KE, Blaxton TA, Bookheimer SY, Figlozzi C, Gaillard
WD, Grandin C, et al: (15)O water positron emission tomog-
raphy in language localization: a study comparing positron
emission tomography visual and computerized region of in-
terest analysis with the Wada test. Ann Neurol 45:662-665,
1999

Ishii R, Shinosaki K, Ukai S, Inouye T, Ishihara T, Yoshimine
T, et al: Medial prefrontal cortex generates frontal midline
theta rhythm. Neuroreport 10:675-679, 1999

Jayakar P, Lesser RP: Extraoperative methods, in Engel J Jr,
Pedley TA (eds): Epilepsy: A Comprehensive Textbook. Phil-
adelphia: Lippincott Raven Publishers, 1997, pp 1785-1793
Kaufmann TJ, Huston J III, Mandrekar JN, Schleck CD,
Thielen KR, Kallmes DF: Complications of diagnostic cere-
bral angiography: evaluation of 19,826 consecutive patients.
Radiology 243:812-819, 2007

Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas
CS, Rainey L, et al: Automated Talairach atlas labels for func-
tional brain mapping. Hum Brain Mapp 10:120-131, 2000
Leffers AM, Wagner A: Neurologic complications of cerebral
angiography. A retrospective study of complication rate and
patient risk factors. Acta Radiol 41:204-210, 2000

Lehericy S, Cohen L, Bazin B, Samson S, Giacomini E,
Rougetet R, et al: Functional MR evaluation of temporal and
frontal language dominance compared with the Wada test.
Neurology 54:1625-1633, 2000

Ojemann GA: Intraoperative methods, in Engel J Jr, Pedley
TA (eds): Epilepsy: A Comprehensive Textbook. Philadel-
phia: Lippincott Raven Publishers, 1997, pp 1777-1783
Oldfield RC: The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9:97-113, 1971
Papanicolaou AC, Simos PG, Breier J1, Zouridakis G, Willmore
LJ, Wheless JW, et al: Magnetoencephalographic mapping of
language-specific cortex. J Neurosurg 90:85-93, 1999
Papanicolaou AC, Simos PG, Castillo EM, Breier JI, Sarkari S,
Pataraia E, et al: Magnetocephalography: a noninvasive alterna-
tive to the Wada procedure. J Neurosurg 100:867-876, 2004
Pelletier [, Sauerwein HC, Lepore F, Saint-Amour D, Lassonde
M: Non-invasive alternatives to the Wada test in the presurgi-
cal evaluation of language and memory functions in epilepsy
patients. Epileptic Disord 9:111-126, 2007

Pfurtscheller G: Event-related synchronization (ERS): an
electrophysiological correlate of cortical areas at rest. Elec-
troencephalogr Clin Neurophysiol 83:62-69, 1992
Pfurtscheller G, Aranibar A: Event-related cortical desyn-
chronization detected by power measurements of scalp EEG.
Electroencephalogr Clin Neurophysiol 42:817-826, 1977
Robinson SE, Vrba J: Functional neuro-imaging by synthetic
aperture magnetometry (SAM), in Yoshimoto T, Kotani M,
Karibe H, Nakasato N (eds): Recent Advances in Biomag-
netism. Sendai: Tohoku University Press, 1999, pp 302-305
Roux FE, Boulanouar K, Lotterie JA, Mejdoubi M, LeSage JP,
Berry I: Language functional magnetic resonance imaging in
preoperative assessment of language areas: correlation with di-
rect cortical stimulation. Neurosurgery 52:1335-1337,2003
Rutten GJ, Ramsey NF, van Rijen PC, Alpherts WC, van Veel-

538

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

M. Hirata et al.

en CW: FMRI-determined language lateralization in patients
with unilateral or mixed language dominance according to
the Wada test. Neuroimage 17:447-460, 2002

Sasaki K, Tsujimoto T, Nishikawa S, Nishitani N, Ishihara T:
Frontal mental theta wave recorded simultaneously with mag-
netoencephalography and electroencephalography. Neurosci
Res 26:79-81, 1996

Schlosser MJ, Luby M, Spencer DD, Awad [A, McCarthy G:
Comparative localization of auditory comprehension by using
functional magnetic resonance imaging and cortical stimula-
tion. J Neurosurg 91:626-635, 1999

Sinai A, Bowers CW, Crainiceanu CM, Boatman D, Gordon
B, Lesser RP, et al: Electrocorticographic high gamma activ-
ity versus electrical cortical stimulation mapping of naming.
Brain 128:1556-1570, 2005

Singh KD, Barnes GR, Hillebrand A: Group imaging of task-
related changes in cortical synchronisation using nonparamet-
ric permutation testing. Neuroimage 19:1589-1601, 2003
Singh KD, Barnes GR, Hillebrand A, Forde EM, Williams
AL: Task-related changes in cortical synchronization are spa-
tially coincident with the hemodynamic response. Neuroim-
age 16:103-114, 2002

Springer JA, Binder JR, Hammeke TA, Swanson SJ, Frost JA,
Bellgowan PS, et al: Language dominance in neurologically
normal and epilepsy subjects: a functional MRI study. Brain
122:2033-2046, 1999

Szymanski MD, Perry DW, Gage NM, Rowley HA, Walker J,
Berger MS, et al: Magnetic source imaging of late evoked field
responses to vowels: toward an assessment of hemispheric
dominance for language. J Neurosurg 94:445-453, 2001
Talairach J, Tournoux P: Co-Planar Stereotaxic Atlas of the
Human Brain: 3-D Proportional System: An Approach to
Cerebral Imaging. New York: George Thieme Verlag, 1988
Taniguchi M, Kato A, Fujita N, Hirata M, Tanaka H, Kihara
T, et al: Movement-related desynchronization of the cerebral
cortex studied with spatially filtered magnetoencephalogra-
phy. Neuroimage 12:298-306, 2000

Tanji K, Suzuki K, Delorme A, Shamoto H, Nakasato N: High-
frequency gamma-band activity in the basal temporal cortex
during picture-naming and lexical-decision tasks. J Neurosci
25:3287-3293, 2005

Ulmer JL, Hacein-Bey L, Mathews VP, Mueller WM, DeYoe
EA, Prost RW, et al: Lesion-induced pseudo-dominance at
functional magnetic resonance imaging: implications for pre-
operative assessments. Neurosurgery 55:569-581, 2004
Wada J, Rasmussen T: Intracarotid injection of sodium amytal
for the lateralization of cerebral speech dominance. Experimen-
tal and clinical observations. J Neurosurg 17:266-282, 1960
Willinsky RA, Taylor SM, TerBrugge K, Farb RI, Tomlinson
G, Montanera W: Neurologic complications of cerebral an-
giography: prospective analysis of 2,899 procedures and re-
view of the literature. Radiology 227:522-528, 2003
Woermann FG, Jokeit H, Luerding R, Freitag H, Schulz R,
Guertler S, et al: Language lateralization by Wada test and
fMRI in 100 patients with epilepsy. Neurology 61:699-701,
2003

Manuscript submitted February 15, 2009.

Accepted July 1, 2009.

Preliminary results of this work were presented in abstract form
at the first biannual conference of the International Society for the
Advancement of Clinical Magnetoencephalography (ISACM) con-
ference, Matsushima, Japan, August 28, 2007.

Please include this information when citing this paper: pub-
lished online August 14, 2009; DOI: 10.3171/2009.7.JNS09239.

Address correspondence to: Masayuki Hirata, M.D., Ph.D.,
Department of Neurosurgery, Osaka University Medical School, 2-2
Yamadaoka, Suita, Osaka, 565-0871 Japan. email: mhirata@nsurg.
med.osaka-u.ac.jp.

— 120 —

J Neurosurg / Volume 112 | March 2010



DOI: 10.3171/2011.1.JNS101421

Real-time control of a prosthetic hand using human
electrocorticography signals
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Object. A brain-machine interface (BMI) offers patients with severe motor disabilities greater independence
by controlling external devices such as prosthetic arms. Among the available signal sources for the BMI, electro-
corticography (ECoG) provides a clinically feasible signal with long-term stability and low clinical risk. Although
ECoG signals have been used to infer arm movements, no study has examined its use to control a prosthetic arm in
real time. The authors present an integrated BMI system for the control of a prosthetic hand using ECoG signals in a
patient who had suffered a stroke. This system used the power modulations of the ECoG signal that are characteristic
during movements of the patient’s hand and enabled control of the prosthetic hand with movements that mimicked
the patient’s hand movements.

Methods. A poststroke patient with subdural electrodes placed over his sensorimotor cortex performed 3 types
of simple hand movements following a sound cue (calibration period). Time-frequency analysis was performed
with the ECoG signals to select 3 frequency bands (1-8, 2540, and 80-150 Hz) that revealed characteristic power
modulation during the movements. Using these selected features, 2 classifiers (decoders) were trained to predict the
movement state—that is, whether the patient was moving his hand or not—and the movement type based on a linear
support vector machine. The decoding accuracy was compared among the 3 frequency bands to identify the most
informative features. With the trained decoders, novel ECoG signals were decoded online while the patient performed
the same task without cues (free-run period). According to the results of the real-time decoding, the prosthetic hand
mimicked the patient’s hand movements.

Results. Offline cross-validation analysis of the ECoG data measured during the calibration period revealed that
the state and movement type of the patient’s hand were predicted with an accuracy of 79.6% (chance 50%) and 68.3%
(chance 33.3%), respectively. Using the trained decoders, the onset of the hand movement was detected within 0.37
+ 0.29 seconds of the actual movement. At the detected onset timing, the type of movement was inferred with an
accuracy of 69.2%. In the free-run period, the patient’s hand movements were faithfully mimicked by the prosthetic
hand in real time.

Conclusions. The present integrated BMI system successfully decoded the hand movements of a poststroke pa-
tient and controlled a prosthetic hand in real time. This success paves the way for the restoration of the patient’s motor
function using a prosthetic arm controlled by a BMI using ECoG signals. (DOI: 10.3171/2011.1 JNS101421)

Key Worps ¢
electrocorticography signal ¢

to a loss of muscle control without disruption of
the patients’ cognitive abilities. These include
amyotrophic lateral sclerosis, brainstem stroke, spinal
cord injury, muscular dystrophy, and cerebral palsy.
Brain-machine interface technology can offer these pa-

T HERE are several diseases and conditions that lead

Abbreviations used in this paper: BMI = brain-machine interface;
ECoG = electrocorticography; EEG = electroencephalography;
EMG = electromyography; FFT = fast Fourier transform; MEG =
magnetoencephalography; SVM = support vector machine.
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real time e

prosthetic hand
support vector machine

tients greater independence and a higher quality of life,
providing the individual with control of external devices
with which to communicate with others and manipulate
their environment according to their will.?

Several signal platforms could be used as input sig-
nals for BMIs in a clinical setting: EEG,*® MEG,? neu-
ronal ensemble activity recorded intracortically (single
units)®*2® and/or local field potentials,"'* and ECoG.!4182!
Each type of signal has proven to be useful for BMISs,
although each has advantages and disadvantages regard-
ing utility in an applied setting. Although EEG and MEG
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signals can be measured noninvasively,” they have low
spatial resolution compared with the other signals and are
susceptible to artifacts from other sources. Single-unit
recordings have been shown to convey large amounts of
information for the successful control of a prosthetic arm
in a self-feeding task of monkeys.?® This type of BMI sys-
tem has already been applied to paralyzed patients,” but
the clinical implementation of intracortical BMIs is cur-
rently impeded by difficulty in maintaining stable long-
term recordings and the substantial technical require-
ments of the recordings.®?? Electrocorticography has a
higher spatial resolution and better signal-to-noise ratio
than EEG or MEG. Its signals have been used to control
the movement of a cursor on a computer screen,? to re-
construct the trajectory of a 2D arm movement,”® and to
decode a single finger movement.'* Moreover, ECoG re-
cordings have superior long-term stability than intracorti-
cal single-unit recordings, as well as lower technical dif-
ficulty and clinical risk.* Even though ECoG signals have
been shown to be useful for BMI systems, they have not
been used to control the movement of a prosthetic hand.
Here, we propose an integrated BMI system to control
the movement of a prosthetic hand using ECoG signals
generated while the patient moved his hand.

Previously, we developed a system in which a pa-
tient’s EMG signals were used to control the movement
of a prosthetic hand.”>'” This system records the EMG
signals and converts them into a power spectrum to clas-
sify some simple movements. The user can control the
prosthetic hand by performing or attempting to perform
simple hand movements, such as hand grasping, hand
opening, and making a scissor shape. By combining
such simple movements, an amputee was able to use the
prosthetic hand for writing by holding a pen, cooking by
grasping a kitchen knife, and other activities of daily liv-
ing.? In the present study, we removed the EMG sensors
and control unit from this system and attached a new unit
that records and classifies ECoG signals to control the
prosthetic hand. The new integrated system was designed
to classify some simple movements using only 3 frequen-
cy power bands of the ECoG signals.

With the new integrated system, the ECoG signals
of a stroke patient were recorded when he performed 3
types of hand movements. Time-frequency analysis of
the signals demonstrated that 3 frequency power bands
contained the characteristic features relating to the move-
ments. With these features, the state and the type of
movement were inferred by 2 decoders. The decoding
accuracy was compared among the 3 frequency bands to
identify the most informative band. With the 2 decoders,
the freely performed movements were inferred so that the
prosthetic hand faithfully mimicked the individual’s hand
in real time.

Methods
Patient

This 64-year-old man with thalamic pain on the left
side of his body participated in this study. He had incom-
plete left hemiparesis due to a right thalamic hemorrhage

2
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7 years earlier. He was barely able to perform simple
hand movements (grasping, opening, and making a scis-
sor shape). Subdural electrodes had been implanted on
the right sensorimotor cortex to reduce intractable pain
by delivering electrical stimulation."” First, 2 sheets of a
30-electrode array were temporarily implanted on a broad
cortical area around his hand motor strip to determine an
optimal stimulation site where the maximum reduction
of his pain was achieved. The number and location of the
electrodes were chosen to stimulate the cortical area cor-
responding to the body parts with pain. These electrodes
were implanted for 2 weeks. Then, after the optimal site
was determined, an array of 4 electrodes was implanted
at the optimal site for chronic stimulation to reduce the
pain. The patient participated in our study during the
2 weeks of temporary electrode placement. He was in-
formed of the purpose and possible consequences of this
study, and written informed consent was obtained. The
ethics committee of Osaka University Hospital approved
the present study.

Prosthetic Hand

The prosthetic hand was an experimental anthro-
pomorphic hand developed by Dr. Yokoi.” The general
movement mechanisms and degrees of freedom of the
hand mimicked those of a human hand. The hand was
equipped with 8 DC motors to independently actuate 8
individual tendons of the hand. The 8 tendons work in a
coordinated manner to accomplish flexion or extension of
each individual finger. The commands to the hand were
updated by the host computer system every 200 msec.

Recording Methods

Sixty planar-surface platinum grid electrodes (2
sheets of a 5 x 6 array, Unique Medical Co.) were placed
over the patient’s right sensorimotor cortex (see Fig. 2A).
The electrodes had a diameter of 3 mm and a center-to-
center interelectrode distance of 7 mm. Video recording
was performed during experiments. Electromyography
recordings of the contralateral flexor digitorum superfi-
cialis muscle were collected at the same time. The video
and EMG recordings were not used for the decoding but
were used to identify the onset of the actual movement
during offline analysis.

The location of the implanted electrodes was identi-
fied by standard neurosurgical techniques, both anatomi-
cally and electrophysiologically. After induction of gener-
al anesthesia, we performed a frontoparietal craniotomy
over the sensorimotor cortex. The location of the central
sulcus was estimated using preoperative MR imaging and
confirmed by the phase reversal of the N20 component of
the intraoperative somatosensory evoked potentials.

Movement Tasks

Experiments were performed in an electromagneti-
cally shielded room approximately 1 week after electrode
placement. The patient was instructed to perform 3 types
of movements with his left hand: a grasping motion, a
hand-opening motion, and a scissor-shape motion (ex-
tension of the second and third fingers). He selected and
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performed 1 of the 3 hand movements immediately after
the presentation of a sound cue that recurred every 5.5
seconds (calibration period [Fig. 1A]). The sound cue was
delivered from a loudspeaker controlled by Matlab 2007b
(Mathworks), consisting of 3 beeps presented every 1
second. The patient was instructed to move his hand just
after the third sound and to return his hand to a resting
position immediately after the movement. For the resting
position, the patient was instructed to relax his hand while
slightly flexing his fingers. The 3 types of movement were
performed approximately 40 times each. This calibration
period took approximately 20 minutes with some breaks
in between. During this period, there was no training of
the patient.

After the calibration period with the external cues,
the patient performed the same task at self-paced inter-
vals without any external cues (free-run session [Fig. 1B]).
The free-run session lasted for approximately 20 minutes
with some breaks. Therefore, all of the experiments in
this study took only approximately 1 hour. Notably, the
patient performed the free-run task without training to
control the prosthetic hand; indeed, it was only necessary
to train the decoder to the ECoG signals obtained in the
calibration period (see the Decoding Algorithms section
for details).

Data Collection and Preprocessing

Electrocorticography signals were measured using
a 128-channel digital EEG system (EEG 2000, Nihon
Koden Corp.) and digitized at a sampling rate of 1000
Hz. All subdural electrodes were referenced to a scalp
electrode placed on the nasion. The bandpass filter for the
data analysis was set to 0.16-300 Hz.

At first, during the calibration period, the ECoG sig-
nals of all implanted electrodes were examined for 4000
msec in each session (-2000 to 2000 msec from the cue
onset of each movement). A time-frequency analysis of
the ECoG signals was performed using EEGLAB v5.03.°
The power spectrum of the ECoG signals was analyzed
for each electrode and each type of movement. From the
results of the power spectrum, we identified 3 frequency
power bands with characteristic modulation during the
movement tasks: 1-8, 25-40, and 80-150 Hz

For the decoding analysis, the ECoG signals of all
implanted electrodes were obtained by reference to the 3
beeps. Figure 1A shows the duration of the ECoG signals
used for the decoding analysis: “N,” ECoG signals of 1
second after the first sound; “R,” ECoG signals of 1 sec-
ond after the second sound; and “M,” ECoG signals of 1
second after the third sound. An FFT algorithm was per-
formed for each 1-second signal to obtain the 3 frequency
power bands (1-8, 25-40, and 80-150 Hz). The FFT was
performed using EEGLAB v5.03. For each trial and elec-
trode, the R and M frequency power bands were normal-
ized by dividing them with the corresponding power of N.
The normalized M and R power bands were used as the
input features for the following decoding analysis (Fig.
1A).

In the free-run session, the 1-second ECoG signals
were recorded online every 200 msec. The FFT algorithm
was performed for each l-second signal to obtain the 3
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frequency power bands for each electrode. The frequency
power bands of each electrode were divided by the cor-
responding power bands of the baseline features (baseline
features were defined as the mean frequency power bands
of N that were obtained by averaging the features of N for
all trials in the calibration period).

Decoding Algorithms

With the features obtained in the calibration period,
we constructed 2 decoders, or linear classifiers, to infer
the patient’s movements on a trial-by-trial basis. The
decoders were trained or calculated using mathematical
algorithms to infer the patient’s movements using only
a novel ECoG signal. The normalized powers of the 3
frequency bands (features) were used to train the 2 de-
coders based on the linear SVM.3! Decoder 1 was trained
to classify the movement state R or M, with the features
of R and M (Fig. 1A). Decoder 2 was trained to predict
the types of performed movement with the features of M
(Fig. 1A). The mathematical details of these decoders are
described in the supplementary section and the follow-
ing references (http:/www.cns.atr.jp/dni/en/downloads/
brain-decoder-toolbox).! !

The decoding accuracy was compared among the
decoding of each of the 3 frequency bands to identify
the most informative frequency band. The decoding ac-
curacy was estimated by using a 5-fold cross-validation
method (Appendix).

Real-Time Decoding and Prosthetic Hand Control

The 2 decoders trained by the ECoG signals with the
external cues were applied to the novel ECoG signals in
real time. Decoder 1 classified the ECoG signals as either
R or M to infer the onset of movement. When the inferred
state changed from R to the two successive M decoder
results, movement onset was inferred (or defined) as the
time between R and M. Then, Decoder 2 classified the
type of movement using the feature of the second M (Fig.
1B).

According to the decoding results, the prosthetic hand
was controlled to mimic the patient’s movements. When
the decoding result from Decoder 1 was R, the prosthetic
hand was moved to the predefined resting position. When
movement onset was inferred by Decoder 1, then Decoder
2 inferred the type of movement using the current ECoG
signals. Then, the prosthetic hand was moved to the pre-
defined posture of the inferred movement. The posture
was maintained for 1 second, regardless of the decoding
results from Decoder 1. After 1 second, the prosthetic
hand was moved back to the resting position.

Results
Offline Time-Frequency Analysis

During the movements in the calibration period, the
power spectrum of the ECoG signals on the sensorimo-
tor cortex varied consistently. Figure 2B illustrates an ex-
ample of the power spectrum time locked to the external
sound cue during the grasping movement. The signal was
recorded from an electrode on the primary motor cortex

3
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1-second ECoG signals after each sound were defined as: 1st, “N” for normalization; 2nd, “R” for resting state; and 3rd, “M" for
moving state. Decoders 1 and 2 were trained with the R + M and M ECoG signals, respectively. The representative photographs
of hands show the task movements performed by a healthy individual. ~ B: The task in the free-run period. The 1-second ECoG
signals obtained every 200 msec were classified by Decoders 1 and 2 when the patient performed 1 of the 3 hand movements

with arbitrary timing.  C: lllustration of the integrated BMI system.

indicated by a blue arrow in Fig. 2A. As shown in Fig. 2B,
the power reduction of the beta band (25-40 Hz) (event-
related desynchronization) and the power increase of the
theta (1-8 Hz) and gamma (80-150 Hz) bands (event-re-
lated synchronization) were observed around the move-
ment onset. These frequency features, event-related de-
synchronization and event-related synchronization, were
observed consistently on the sensorimotor cortex during
the movement task.

The spatial distribution of these features on the elec-
trodes differed depending on the movement (Fig. 2C).
The increase in the power of the gamma and theta bands
was observed at the localized area of the primary motor
cortex. However, the decrease in the power of the beta
band was observed diffusely around the primary motor
cortex (Fig. 2C). The spatial distribution of each frequen-
cy power band differed among the 3 types of movement,
especially for the gamma and theta bands. We selected
these 3 frequency power bands as the input features for
decoding.

Offline Analysis of Decoding

The patient’s hand movement was inferred by the de-
coders using the frequency features of the ECoG signals
on a trial-by-trial basis. Offline cross-validation analysis
of the ECoG data measured during the calibration period
revealed that the patient’s state and the movement type

4

were predicted with an accuracy of 79.6% (chance 50%)
and 68.3% (chance 33.3%), respectively (Fig. 3). Among
the 3 frequency bands, the gamma band power exhibited
the best performance for the decoding of both the states
and types of movement (Fig. 3).

Next, the trained Decoder 1 was tested to determine
whether it could detect the onset of movement on a trial-
by-trial basis. For the calibration period, the 1-second
ECoG signals were classified using Decoder 1 for every
200 msec from -2 to 2 seconds relative to the onset cue.
As shown in Fig. 4 left, the inferred rate of M was low
before the onset cue and high after the cue. When we de-
fined the onset as the time Decoder | inferred 2 succes-
sive M results after R, the movement onset was frequently
inferred just after the actual onset cue (Fig. 4 right). Nota-
bly, 88% of the inferred onsets of movement were distrib-
uted between 0.5 to 0.5 seconds from the actual onset of
the cue. For the calibration period, the movement onset
was accurately inferred by the trained Decoder 1.

Real-Time Prosthetic Hand Control

Using the trained decoders, the ECoG signals were
decoded in real time when the patient performed the 3
types of hand movement at an arbitrary timing (free-run
period). Decoder 1 detected 61.0% of the movement on-
sets within 1 second from the actual onset of movement
detected by the EMG signals. The mean difference be-
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