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[=(L — R)/(L+R) x 100] was calculated to assess
hemispheric lateralisation in fMRI.

Language MEG

MEG signals were recorded with a 204-channel
biomagnetometer (Vectorview; Elekta-Neuromag,
Sweden) in a magnetically shielded room. To
confirm the reproducibility, we acquired two data
sets for each task by repeating MEG recordings. We
used a Kana reading task similar to the fMRI
experiment. Further details of data acquisition and
data analysis have been described elsewhere.!*
Dipoles located in the temporal regions, including
the superior temporal gyrus (STG) and the fusiform
gyrus (Fu@G), were counted. The LI of the estimated
dipoles was then calculated to indicate hemispheric
dominance in MEG.

Language NIRS

NIRS was performed using a Hitachi Medical
Corporation™ Optical Topography System (Model
ETG-4000, ver.1.63; Japan). This device allows the
use of two separate probe-containing shells, each
with five semiconductor laser light sources (695 and
830 nm) and four avalanche photodiode detectors
arranged in alternating fashion to form two 3 x 3
grids. We ensured that the centre of the grid was
placed 45 mm above the midpoint of the cantho-
meatal line. A previous anatomical study reported
that this anatomical landmark indicated the anterior
end of the Sylvian fissure.!” We assumed that the
grid should be controlled such that the IFG (includ-
ing Broca’s area) and the anterior part of STG were
in the area of measurement (60 x 60 mm/square).
All six channels in the inferior frontal region were
selected as key regions of interest (ROI) (Fig. 1) for
further analysis to determine language lateralisation.

Patients were asked to write as many words as
possible beginning with a letter presented for a 15-sec
task period and to copy a picture during a 60-sec rest
period (word generation task). Three task and four
rest periods were alternatively repeated, and the
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FIG. 1. Bilateral near-infrared arrays indicating the positions of
light sources and detection probes. Gray squares indicate the key
region of interest (ROI) in the inferior frontal region. Inferior
frontal ROIs were used in calculations to determine language
lateralisation.
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acquired NIRS data were averaged from the begin-
ning of the task.

We calculated the task-related components of
Oxy-Hb using principal component analysis (PCA),
which was equipped with an Optical Topography
System. PCA analysis selected a component, which
showed the highest correlation coefficient (y) with the
reference function. The reference function was
the time-series pattern of predicted responses to the
word generation task, and consisted of a trapezoidal
pulse with a duration of 15 sec and delay of 10 sec. A
threshold of y=0.65 was chosen to identify the
component with the most significant responses in the
selected six channels to examine laterality. We then
obtained LI using the mean values of Oxy-Hb
concentration changes in each hemisphere.

Determination of language lateralization using fMRI,
MEG and NIRS

On the basis of LIs of fMRI, MEG and NIRS, we
evaluated language lateralisation for each patient. We
determined that more than 0.3 or less than —0.3
indicated left or right hemispheric dominance;'®

otherwise, language lateralisation was considered
bilateral.

Results
Wada test

The Wada test was performed and validated the
language lateralisation in all patients (Table II).
Language dominance was left, right and bilateral in
20, 3 and 5 cases, respectively.

Language fMRI

All 28 patients achieved the task during fMRI
scanning. After post-acquisition data processing,
fMRI results indicated that the dominant hemisphere
was left, right and bilateral in 22, 2 and 4 cases,
respectively. Active fMRI pixels were mainly ob-
served in the IFG and MFG. The fMRI-concor-
dance rate with the Wada test was 95% in cases of left
dominance (Table IIT). As a result, the sensitivity and
specificity of fMRI were 95% and 62.5%.

On the other hand, the concordance rate signifi-
cantly decreased to approximately 60% in cases of
non-left dominance (Table III). The results of fMRI
did not match in four patients (two with bilateral, one
with right and one with left language dominance).
Atypical (non-left dominance) language representa-
tion tended to be hardly identified only by fMRI.

Language MEG

While recording the language MEG, all cases
succeeded in completing the reading task. The
results showed that the dominant hemisphere was
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TABLE II. Results of language examinations in all patients

fMRI MEG NIRS Wada test
Case LI Dominancy LI Dominancy LI Dominancy Dominancy
1 1.00 Left 1.00 Left 1.00 Left Left
2 0.43 Left 1.00 Left 0.18 Bilateral Left
3 1.00 Left 0.70 Left 0.30 Left Left
4 1.00 Left 0.99 Left 0.95 Left Left
5 0.34 Left 1.00 Left 0.00 Bilateral Left
6 0.49 Left 1.00 Left 0.44 Left Left
7 0.93 Left 0.80 Left 0.44 Left Left
8 0.95 Left 0.44 Left 0.65 Left Left
9 1.00 Left 0.55 Left 0.56 Left Left
10 0.48 Left 0.68 Left 0.56 Left Left
11 0.60 Left 0.40 Left 0.58 Left Left
12 0.78 Left 0.38 Left 0.13 Bilateral Left
13 0.04 Bilateral 1.00 Left 1.00 Left Left
14 0.68 Left 1.00 Left 1.00 Left Left
15 0.80 Left 1.00 Left 1.00 Left Left
16 0.73 Left 1.00 Left 0.94 Left Left
L7: 0.68 Left 1.00 Left failed - Left
18 0.66 Left 1.00 Left 0.00 Bilateral Left
19 0.51 Left 0.73 Left 1.00 Left Left
20 0.60 Left 0.53 Left 0.92 Left Left
21 —1.00 Right —0.65 Right —0.64 Right Right
22 —0.48 Right 0.20 Bilateral —-0.39 Right Right
23 0.49 Left —1.00 Right —-0.59 Right Right
24 —0.01 Bilateral 0.17 Bilateral —0.04 Bilateral Bilateral
25 0.01 Bilateral 0.51 Left failed - Bilateral
26 0.04 Bilateral 0.30 Bilateral 1.00 Left Bilateral
27 0.70 Left —0.20 Bilateral —0.57 Right Bilateral
28 0.30 Left —0.46 Right —0.14 Bilateral Bilateral

LI: laterality index.

TABLE III. Compared results of each modality with the Wada test

Language lateralization confirmed by the Wada test
Left (20 cases)

Right (3 cases) Bilateral (5 cases)

fMRI 95% (19 cases) 67% (2 cases) 60% (3 cases)
MEG  100% (20 cases)  67% (2 cases) 60% (3 cases)
NIRS  75% (15 cases) 100% (3 cases) 40% (2 cases)

left, right and bilateral in 21, 3 and 4 cases,
respectively. Estimated dipoles related to the seman-
tic response were clustered mainly in the STG and
FuG. Compared with the Wada test, the concor-
dance rate of MEG was 100% in cases of left
dominance (Table III) and the specificity of MEG
was 87.5%.

The concordance rate of MEG was approximately
60% in cases of non-left dominance, as in fMRI
(Table III). In three cases of atypical language
representation (cases 22, 25 and 28) the dominant
hemisphere failed to be identified by MEG.

Language NIRS

Although all patients could perform the word
generation task for NIRS recording, two (cases 17
and 25) demonstrated no significant change of

Oxy-Hb or Deoxy-Hb during the task period. We,
therefore, performed further analysis of the 26 cases.
The results of language NIRS showed that the
dominant hemisphere was left, right, and bilateral
in 16, 4 and 6 cases, respectively.

The concordance rate of NIRS was up to 75% in
cases of left dominance (Table II). Although the
sensitivity of NIRS was 75%, which was much lower
than that of language fMRI and MEG, the specificity
was 87.5%. Since four cases with left dominance
demonstrated significant Oxy-Hb changes in both
hemispheres, the false-negative rate decreased the
sensitivity. In addition, language NIRS could not
demonstrate beneficial results in cases of bilateral
language representation. In this study, however,
language NIRS made an accurate diagnosis in three
cases of right dominance (100%) (Table III).

We experienced eight patients with failed NIRS
diagnosis, including two excluded cases. Case 17
showed increased Oxy-Hb only during the rest
period (drawing pictures), while Oxy-Hb did not
change in case 25 in both hemispheres. We did not
evaluate these paradoxical changes in both sides for
this purpose. Another four (cases 2, 5, 12 and 18) of
left dominance showed significant NIRS activation in
bilateral hemispheres, although fMRI and MEG
successfully indicated language dominance. Case
26 with bilateral language representation showed
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different results of left on NIRS and bilateral
dominance on fMRI and MEG. Case 27 of bilateral
representation showed decreased Oxy-Hb during the
task period in the right hemisphere. This paradoxical
activation was hardly interpreted for the determina-
tion in this study.

Determination of language lateralisation using multiple
modalities

Each modality has its advantages and disadvantages;
therefore we sought to establish a non-invasive and
reliable method to determine language lateralisation
by combining the advantages of these modalities.

When two of three modalities indicated the same
laterality of language representation, the results
perfectly matched those of the Wada test in 24
patients, who had successful investigations; however,
we experienced two patients with bilateral language
representation, who showed different laterality de-
termined by each modality. It remains difficult to
clearly indicate bilateral language representation only
by non-invasive techniques.

Discussion

In this study, we demonstrated the potential of
combining fMRI, MEG and NIRS as an alternative
to the Wada test for identifying language lateralisa-
tion. In cases of left dominance, the sensitivity and
specificity of fMRI, MEG and NIRS was 95% and
62.5%, 100% and 87.5%, 75% and 87.5%, respec-
tively. Although NIRS sensitivity was relatively lower
than the others, right hemispheric dominance was
accurately identified by language NIRS. We reached
two conclusions that NIRS was complementary to
fMRI and MEG on some occasions and in cases
where two of the investigations showed the same
laterality, the results were in complete concordance
with the Wada test.

We found that fMRI is highly reliable and the most
practical for clinical utility since high-field MR
scanners are usually available at most neurosurgical
institutes. LIs of the key ROIs (MFG and IFG')
selected more obviously delineated the language
laterality than LIs by counting active pixels of the
whole hemispheres.”” On this basis, we stress that
fMRI is the priority technique for this purpose;
however, the fMRI results should be -carefully
interpreted in patients with suspected atypical
language representations.”!

On the basis of previous reports, including
this study, MEG should be considered as the next
option to detect language-related functions. Our
MEG results were comparatively reliable and useful
in determining language dominance. This is the only
technique to directly detect neuronal activity in
pathological brain conditions, in which vascular
responses might be disrupted.'® We investigated
language lateralisation in two AVM patients (cases

7,8,16
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4 and 23), fMRI showed successful results in only
one patient, but the results of MEG were the same as
the Wada test in both cases. These findings need to
be confirmed by studying a larger number of patients
with vascular problems. MEG showed excellent
sensitivity and specificity for preoperative evalua-
tions. The only issue with MEG is that the system
itself is expensive and requires a magnetically
shielded room; therefore, it is not widely available
but is still an option for preoperative investigations.

Although both fMRI and NIRS detect hemody-
namic responses to language-related tasks, fMRI
scanning requires severe postural restriction of
patients. Motion artifacts larger than a pixel reduce
the reliability of the results. On the other hand, NIRS
has advantages against head movements because the
probes are firmly attached to the scalp. This system is
inexpensive and does not require a specialised room. .
In addition, language NIRS is easily repeatable and
shows real-time results during measurements. A
previous report suggested that NIRS was superior
to fMRI for identifying bilateral language representa-
tion.'® In this study, NIRS was sensitive to right
hemispheric dominance, but not to bilateral language
representation. NIRS alone was still insufficient to
determine lateralisation for patient use, although we
have shown the clinical usefulness of this technique.
It may be more reasonable to consider NIRS as a
complementary modality in addition to fMRI or
MEG for pre-surgical evaluation of language later-
alisaion. The combined use of three non-invasive
modalities encouraged us to establish an alternative
to the Wada test, but these findings need to be
confirmed by studying a larger number of patients.
NIRS has much better temporal resolution than
fMRI and enables continuous monitoring for Oxy-
Hb and Deoxy-Hb independently. These particular
advantages might help to understand the dynamics of
language networks in future studies.

There are, however, several disadvantages of
NIRS. The present NIRS system can theoretically
detect regions at about 20 mm depth from the
scalp.?? Since the mean distance between the scalp
and the middle frontal cortex was approximately less
than 20 mm in our study, it is expected that the
NIRS system could observe Oxy-Hb changes of
superficial cortical regions. The presence of vascular
malformations with high flow or large structural
lesions might affect the results of NIRS as well as
fMRL. "

Furthermore, we noticed that critical factors
affecting NIRS results were the task and post-
acquisition data processing. In fact, we observed
atypical activation patterns of Oxy-Hb in two cases.
Patient 17 with left dominance showed increased
Oxy-Hb during the rest period. Several patients
mentioned that they needed to concentrate more on
drawing the presented pictures than the word
generation. The rest task might be inappropriate to
keep brain activation at the baseline level in some
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patients. Obtaining a relevant baseline is a problem
of all functional imaging studies and is particularly
important in studies that involve cognitive variables.
Case 27 demonstrated decreased Oxy-Hb during the
task period. According to previous NIRS reports
investigating language functions, decreased and
increased Oxy-Hb have been identified in the frontal
regions.?> The physiological mechanisms of Oxy-Hb
changes are still unclear.

Combined techniques might overcome the dis-
advantages of each modality and enable the analysis
of language representation in patients with patholo-
gical brain conditions. While fMRI, MEG and NIRS
are not currently as accurate as the Wada test in
determining language lateralisation, this non-invasive
and repeatable method has great potential as an
alternative to the Wada test in time following further
research and refinement of these techniques.

Conclusion

We established a method to determine language
lateralisation by co-utilising fMRI, MEG and NIRS
with high reliability. In patients with different results
with each modality, we still need to confirm language
lateralisation by the Wada test. NIRS had potentials
to identify atypical language representation, in
addition to fMRI and MEG. This combined
technique might overcome disadvantages of each
modality and enables to analyse the language
representation in cases with pathological brain
condition. This non-invasive and repeatable method
has great potential as an alternative to the Wada test
in time following further research and refinement of
these techniques.
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Editorial

Epilepsy and radiosurgery

DoucLas KonpzioLka, M.D., M.Sc., FR.C.S.C.

Department of Neurological Surgery, University of Pitisburgh,
Pennsylvania

Usami and colleagues* from the University of Tokyo
provide data on 7 patients who underwent Gamma Knife
surgery (GKS) for mesial temporal lobe epilepsy (MTLE)
between 1996 and 1999. Five of the 7 patients received a
maximum radiosurgery dose of 50 Gy, which led to sig-
nificant reduction in seizures in all 4 patients who under-
went follow-up. However, 2 had signs of adverse radiation
effects, and resection was later performed 5 and 10 years
later. The authors caution, “...the risk of [symptomatic ra-
diation necrosis] should be considered when the clinical
significance of this treatment is evaluated.”

Currently, there is interest in epilepsy radiosurgery as
an alternative to microsurgical resection for MTLE. A mul-
ticenter randomized trial, in which I am a participating in-
vestigator, comparing radiosurgery with resection is being
performed under the leadership of Drs. Nicholas Barbaro
and Mark Quigg.

First, it is interesting that these cases were even per-
formed by Usami and colleagues in the way in which they
were. Epilepsy radiosurgery was still being performed in
animal models in the 1990s and even into the early part of
the past decade.>® Results on the biology of these radiosur-
gical effects were still coming out prior to the first National
Institutes of Health—sponsored trial in the US, which was
completed just a few years ago.! As the authors describe,
radiation injury is related to numerous factors, of which
dose and volume (in addition to location and other patient
characteristics) are paramount. To summarize, the patients
underwent early generation dose planning using the Kula
system for which image integration was not possible and
had rather excessive target volumes, and large collimators
(18 mm) were used. Dose planning without image integra-
tion (the isodose lines were not directly shown on a brain
image) was performed in Cases 1-4 and with image in-
tegration in Cases 5-7. It is important to note that in the
National Institutes of Health—sponsored trial,! all centers
had to create a target volume between 5.5 and 7.5 cm®. The
target volumes in this experience in Cases 3, 4, and 5 were
12,7.8,and 8.3 ml, respectively.

Within the protocol of the ongoing Radiosurgery or
Open Surgery for Epilepsy (ROSE) trial, dose planning is
challenging even with sophisticated software. Multiple iso-
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centers are necessary, customized beam blocking is used
to minimize the dose to the optic tract and brainstem, and
the target volume must be within defined limits. Radiation
effects, when they occur, can appear as heterogeneous enti-
ties. The figure shown for Case 4 notes a “cavernous mal-
formation,” although it is not clear why this diagnosis was
made. There are certainly imaging-defined changes, and
the eventual pathology, as noted in the report itself, did not
disclose a cavernous malformation.

The authors conclude, “Currently, the indications for
consideration of GKS as an alternative to surgery are lim-
ited to a few cases that may be inoperable.” Given the fact
that such procedures were performed more than 10 years
ago using fairly crude techniques, I do not think that this
conclusion is appropriate in 2012. After these patients were
treated, controlled multicenter trials were conducted on
epilepsy radiosurgery that led to funding of a large mul-
ticenter and multinational randomized trial to compare
radiosurgery with resection for MTLE. The scope of this
study is unprecedented and will be very important. Using
current techniques, the results of radiosurgery and resec-
tion appear similar, and we encourage all those involved in
the management of these patients to contribute patients to
the ROSE trial.

(http:/ithejns.org/doilabs/10.3171/2011.12 JNS112119)

Disclosure

Dr. Kondziolka is a consultant for Elekta.
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Response

Kenichr Usami, M.D., Masaniro SuiN, M.D., PuD.,
AND Kensuke Kawar, M.D., Pu.D.

Department of Neurosurgery, The University of Tokyo Hospital,
Tokyo, Japan

We appreciate the comments by Dr. Kondziolka,
which may help clarify some points related to our paper.
Our study addresses a long-term effect, particularly focus-
ing on the associated complications, with our preliminary
radiosurgical protocol for MTLE, which had started more
than 10 years ago. When we initially designed our clinical
study, available information about stereotactic radiosur-
gery (SRS) for MTLE was quite limited. Thus, we decided
to deliver a relatively low radiosurgical dose to the possibly
affected areas, which eventually turned out to be safe but
not effective.” Those patients underwent anterior temporal
lobectomy later, and the pathological evaluation revealed
subtle histological change with small necrotic focus only
in 1 patient. Based on these experiences, we revised our
protocol and adopted a higher radiosurgical dose to more
extensive areas, which turned out to be effective in most
of the patients but was simultaneously associated with se-
rious radiation-induced complications over a long period
of time. In the patient in Case 4 (Fig. 3 of our paper), Dr.
Kondziolka asked us to explain the diagnosis of “cavernous
malformation.” Nowadays, MRI offers the most sensitive
means of suspecting a diagnosis of cavernous malforma-
tion. In Hg. 3, MRI revealed a smoothly circumscribed,
well-delineated complex lesion with a low signal intensity
hemosiderin rim, which is a typical radiographic finding
of cavernous malformation. Also, the eventual pathologi-
cal specimen showed histological evidence of fragments of
cavernous malformation.

What we learned from our experience is that high-
dose radiosurgery can be a double-edged sword for pa-
tients with MTLE. Its efficacy largely depends on the ir-
radiated dose and volume, but, on the other hand, the same
factors (and probably homogeneity in dose distribution too)
may also be associated with the risk of long-term radiation-
induced complications in turn. To achieve the ideal goals,
that is, sufficient seizure control with an acceptable risk of
complications, the equilibrium points concerning the dose,
volume, and dose distribution, are not easy to determine.
As Dr. Kondziolka indicates, thanks to the recent techno-
logical progress, accuracy of SRS has greatly improved not
only in terms of dose planning and its assessment but also
irradiation technology itself. In combination with accumu-
lated knowledge about “success” and “failure” of MTLE
radiosurgery in the last decade,'* it seems that the proto-
col of the ongoing ROSE trial is quite reasonable using a
relatively high dose with homogeneous dose distribution
delivered to the restricted areas responsible for the pathol-
ogy. Now, we are looking forward to the final results of this
study with the state-of-the-art radiosurgical technology.

It is evident that there is a big gap between the radio-
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surgical technique applied more than 10 years ago in this
study and the one in 2012. Therefore, the results of SRS
for MTLE will be quite different from our study. However,
even if the outcome of SRS for MTLE is equivalent to that
of resection, we think that resection will continue to be a
first choice of treatment for patients with MTLE. In the pa-
tients with medically intractable MTLE, delay of achieve-
ment in seizure control sometimes can be fatal > While the
quality of life in patients with MTLE is threatened by those
seizure attacks itself, furthermore, gnawing apprehension
about unanticipated complex partial seizure in the daily
life also restricts their activities and significantly contin-
ues to affect their quality of life. Therefore, early symptom
remission is one of the highest priorities in the treatment.
In this light, resection is the most ideal option, which can
achieve immediate seizure freedom with an acceptable risk
of craniotomy. It is true that the associated risks of SRS for
MTLE in short-term periods seem to be quite minimal, but
they may well be cumulative and can be significant during
the long-term follow-up periods. In general clinical cases
(that is, in patients with arteriovenous malformation with
lower Spetzler-Martin grades, benign tumor, or trigeminal
neuralgia), when differences of treatmentrelated compli-
cations between surgery and SRS are discussed, we usu-
ally explain to patients that resection has an immediate but
single-phase risk, and SRS has a long-lasting and undeter-
mined risk. If the single-phase risk is acceptably small for
each patient, it will be preferable to the vague risk with an
unknown end point.

Stereotactic radiosurgery is a “new hope” for patients
suffering MTLE. However, as long-term outcomes remain
unclear, continual follow-up for elucidation of decisive
therapeutic results is inevitable, even after complete sei-
zure remission has been achieved. From the standpoint
of sufficient long-term outcomes, a long journey remains
ahead. We hope that SRS can be a “chosen one” that will
bring balance to the treatment of MTLE in future.
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