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We applied the intrinsic optical imaging technique to the human
primary somatosensory cortex during brain tumor/epilepsy surgery for
nine patients. The cortical surface was illuminated with a Xenon light
through an operating microscope, and the reflected light, which passed
through a 605 nm bandpass filter, was detected by a CCD camera-
based optical imaging system. Individual electrical stimulation of five
digits induced changes in the reflected light intensities. Visualizing the
intrinsic optical responses, we constructed maps of finger representa-
tion in Brodmann’s area 1. In the maps, response areas of Digits I to
V were sequentially aligned along the central sulcus in the crown of the
postcentral gyrus from the latero-inferior region (Digit I) to the medio-
superior region (Digit V). The neighboring response areas partially
overlapped each other, as previously described in the monkey
somatosensory cortex. Similar results were obtained in the face region
with stimulation of the three branches of the trigeminal nerve. These
results suggest that the overlap of the response areas is a common
feature in the somatosensory cortex not only in monkeys, but also in
humans.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Intrinsic optical imaging is a useful technique for monitoring
brain function with high spatial and temporal resolutions (Bon-
hoeffer and Grinvald, 1996). Since the pioneering work by
Grinvald et al. (1986), it has been applied to the cat/monkey
visual cortex (Bonhoeffer and Grinvald, 1993; Chapman et al.,
1996; Godecke and Bonhoefter, 1996; Ts’o et al., 1990), the rodent
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somatosensory cortex (Dowling et al., 1996; Gochin et al., 1992;
Masino et al., 1993; Tanaka et al., 2000; Yazawa et al., 2001), and
the rodent spinal cord (Sasaki et al., 2002, 2003). The intrinsic
optical signals (changes in reflected light intensity) are considered
to consist of three different components: they originate from
(1) activity-dependent changes in the oxygen saturation level of
hemoglobin, (2) changes in blood volume in an area containing
electrically active neurons, and (3) light-scattering changes that
accompany cortical activation, which are caused by ion/water
movement, expansion and contraction of extracellular spaces,
capillary expansion, or neurotransmitter release (Bonhoeffer and
Grinvald, 1996; Cohen, 1973; Frostig et al., 1990; Malonek and
Grinvald, 1996).

The intrinsic optical imaging technique was also applied to the
human cortex during neurosurgical operations. Haglund et al.
(1992) first demonstrated the usefulness of this technique for
monitoring stimulation-evoked epileptiform afterdischarges and
cognitively-evoked functional activity. Subsequently, it was used to
monitor brain functions related to sensation (Cannestra et al., 1998;
Sato et al., 2002; Shoham and Grinvald, 2001; Toga et al., 1995)
and language tasks (Cannestra et al., 2000; Pouratian et al., 2000).
In most studies of sensation, optical signals were evoked by
median/ulnar nerve stimulation or digit stimulation. Although these
studies showed that different peripheral stimulation provided
different functional maps, contiguous representation of fine
receptive fields, such as response areas of the five digits, was
not assessed.

The purpose of this study was to examine functional
representation of the finger area in the human primary somato-
sensory cortex. In the human somatosensory cortex, Penfield and
Boldray (1937) first described a somatosensory homunculus on the
postcentral gyrus. In the monkey, using a micro-electrode record-
ing technique, Kaas et al. (1979) showed that complete somato-
topic maps also present in each Brodmann’s area (3a, 3b, 1, and 2).
In the monkey somatosensory cortex, significant overlaps of
functional representation of the fingers were described in somato-
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topic maps, and we questioned whether similar overlaps exist in the
human brain. In the present study, we also examined functional
representation of the three branches of the trigeminal nerve, and
compared the data between the finger and face regions.

Materials and methods
Subjects

We measured intrinsic optical signals from the somatosensory
cortex in nine anesthetized patients undergoing surgery for frontal,
parietal, or temporal lobe brain tumors (eight patients) and
temporal lobe epilepsy (one patient). The patient data are
summarized in Table 1. The patients had no past history of
neurosurgical operations. All the patients were right-handed.
Informed consent was obtained from all patients prior to the
surgery and intraoperative intrinsic optical imaging. The patients
were anesthetized with isoflurane, and the head was fixed to the
operating table via a three point fixation Mayfield apparatus.
Craniotomy and dura opening were performed, and the surface of
the cerebral cortex around each lesion was exposed.

Before the intrinsic optical imaging, we recorded cortical
somatosensory-evoked potentials (SEPs) in response to median
nerve stimulation with a four-channel cortical electrode. It has been
reported that a phase reversal of the negative peak of SEPs occurs
across the central sulcus (Nuwer et al., 1992). Using the SEPs, we
identified the central sulcus as a landmark.

Peripheral nerve stimulation

For the optical imaging, Digits I-V (for five patients), the
supraorbital branch of the ophthalmic nerve (N. V,), the
zygomaticofacial branch of the maxillary nerve (N. V,) and the
mental branch of the mandibular nerve (N. V3) (for two patients)
were stimulated transcutaneously with surface electrodes driven by
an electrical stimulator. In two patients (Case 1 and Case 5 in
Table 1), only Digit I or Digits I and II were stimulated, and further
stimulation was ceased because optical responses were not clear.
The stimuli, consisting of ten pulses, were delivered at 5 Hz for 2 s
with an interstimulus interval of 20 s. The stimulation intensity was
10 mA, which produced the maximal SEP responses in the
somatosensory cortex. Bonhoeffer and Grinvald (1993) reported

that stimulation longer than 2 s caused large blood vessel artifacts
in the optical maps, presumably due to larger contributions of
activity-dependent changes in blood volume and blood flow. In the
present study, we could not test multiple stimulation paradigms for
the optical imaging because of the limited recording time during
neurosurgical operations and used a single stimulation paradigm as
described above.

Intraoperative intrinsic optical imaging

After identifying the central sulcus, the recording site of the
cerebral cortex was stabilized with a glass plate. This procedure
minimized brain movements in the Z axis, as well as in the X and Y
planes. No significant brain damage was observed due to this
procedure after neurosurgical operations, although the possibility
that the plate could affect the local brain environment, including
blood flow, cannot be excluded. The somatosensory cortex was
illuminated using a Xenon lamp driven by a stable DC power
supply via an operating microscope (Carl Zeiss, Inc., Thornwood,
NY). The depth of focus of the operating microscope was set to
about 500 um under the cortical surface. Reflected light from the
cortex was passed through interference filters of different wave-
lengths. The filter used for visualizing the surface of the cortex and
its vascular pattern had a transmission maximum at 540 + 30 nm,
and the filter used for intrinsic imaging had a passband at 605 +
5 nm (Asahi Spectra Co., Tokyo, Japan). We used this wavelength
(605 nm) for two reasons. First, it coincides with the peak of the
difference spectra between oxy-hemoglobin and deoxy-hemoglo-
bin, and maximizes the contribution of oximetry signals relative to
other intrinsic signals (Bonhoeffer and Grinvald, 1993; Frostig
et al., 1990). Second, in our previous studies on the rat
somatosensory cortex (Tanaka et al., 2000; Yazawa et al., 2001),
brainstem (Yazawa et al., 1999), and spinal cord (Sasaki et al.,
2002), we detected the largest intrinsic signal at a wavelength of
605 nm. In the present study, we could not examine the wavelength
dependency of the optical signals because of the limited recording
time (about 30 min).

Intrinsic imaging was performed using a differential video
acquisition system IMAGER 2001 (Optical Imaging, Germantown,
NY) via a charge coupled device camera (CS8310B, Tokyo, Tokyo
Denshi Instrument Co., Japan) fitted to an operating microscope.
This camera has a spatial resolution of 648 x 480 pixels. Three
(for face stimulation) or five (for finger stimulation) recording

Table 1

Summary of patient data

Case Sex Age (years) Diagnosis Lesion Stimulation site 108

1 M 60 glioblastoma rt. frontoparietal It. Ist digit nd

2 F 19 low grade astrocytoma + It. temporal rt. V—V3 nerve +
intractable epilepsy

3 M 30 oligodendroglioma It. parietal rt. V1—V;3 nerve +

4 F 38 oligodendroglioma rt. frontal It. 1st=5th digit +

5 M 62 metastatic brain tumor It. parietal rt. 1st/2nd digit +, map (—)

6 F 57 metastatic brain tumor It. parietal rt. 1st=5th digit +

7 F 69 metastatic brain tumor rt. frontal It. Ist-5th digit +

8 F 24 temporal lobe epilepsy It. temporal rt. 1st-5th digit +, map (—)

(epileptic focus)
9 M 47 oligodendroglioma It. frontoparietal rt. 1st=5th digit +

10S: intrinsic optical signal, nd: not detected, map (—): functional maps were not obtained (see text).
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sessions were allowed for each patient. One recording session
consisted of six blocks. Each block consisted of four stimulation
trials and two non-stimulation (control) trials interlaced randomly,
with an inter-trial interval of 20 s. During each trial, eleven optical
images were collected over 5.0 s and stored on a computer with
data acquisition software VDAQ (Optical Imaging, Germantown,
NY). For stimulation trials, Digits -V, or the supraorbital,
zygomaticofacial and mental nerves, were stimulated for 2 s from
the onset of data acquisition. Optical reflectance images were
represented by a fractional change (AR/R) to correct for uneven
illumination using a data analyzing software program WinMix
(Optical Imaging, Germantown, NY). To make functional maps of
the finger and face representations in the somatosensory cortex, we
defined an optical response area as an area with the fractional
change (AR/R) > 1.5 x 1077,

Results
Optical responses induced by Digits I-V stimulation

Fig. 1 shows intrinsic optical images obtained from a 47-year-
old patient who suffered from an oligodendroglioma (Case 9 in
Table 1). All of the right digits (Digits I-V) were stimulated
individually by ring-like electrodes, and intrinsic optical signals
(optical reflectance changes) were detected from the left somato-
sensory cortex. Prior to the intrinsic optical recording, we recorded
cortical somatosensory-evoked potentials (SEPs) in response to
right median nerve stimulation to identify the central sulcus
(indicated by a yellow line in the right panel). The recording site is
shown on a three-dimensionally reconstructed magnetic resonance
(MR) image with a blue rectangle and on a photograph of the
cortical surface with a red ellipse. The recording site corresponded
to the postcentral gyrus (primary somatosensory cortex (SI)) (right
panels of Fig. 1). The detected reflectance signals were illustrated
by a pseudo-color image, in which a decrease in light reflectance
was shown from green to red, and they were superimposed on a
vascular image. In these images, the optical responses induced by
Digits [-V stimulation were clearly identified in different regions
of the primary somatosensory cortex.

Fig. 2 illustrates another example of intrinsic optical images
obtained with Digits [-V stimulation in a 38-year-old patient who
suffered from an oligodendroglioma (Case 4 in Table 1). Left
Digits [-V were individually stimulated, and optical signals were
detected from the right somatosensory cortex. Similar to Case 9
shown in Fig. 1, electrical stimulation of the individual digits
evoked optical responses at different, but sequential, regions in the
somatosensory cortex. In this case, as shown in the lower right
panels in Fig. 2, the brain tumor was located in the premotor cortex
and partially invaded into the motor cortex. After brain tumor
resection, although the patient transiently experienced severe
paresis of hands and legs for 2 weeks, no sensory disturbance of
the fingers was observed.

In three other patients whose fingers were electrically stimu-
lated (Cases 1, 5 and 8 in Table 1), we could not make functional
maps of finger representation in the somatosensory cortex. Case 1
(glioblastoma) presented total paresis of the left extremities with
loss of the SEP responses, and optical responses were not evoked
by Digit I stimulation (data not shown). We therefore stopped the
intraoperative optical imaging. In Case 5 (metastatic brain tumor),
we detected optical signals with Digits I and II stimulations, as

shown in Fig. 3A. However, in the region corresponding to the
Digit III-V areas, the arachnoid membrane was thickened, and this
produced spurious signals which did not vary with the site of
stimulation (arrowheads in Fig. 3A). Fig. 3B shows the estimated
optical response areas for Digits I and II in red and yellow,
respectively. In Case 8 (temporal lobe epilepsy), we clearly
detected optical responses with Digit 1 stimulation (data not
shown). However, this response area was located near the edge of
the operation area. Since the regions corresponding to the Digit 11—
V areas seemed to be located outside the operation area, we ceased
the optical measurement.

Functional mapping of finger representation in the somatosensory
cortex

Fig. 4 shows functional maps of finger representations in the
somatosensory cortex obtained from four different subjects. In this
figure, we defined the optical response area for each finger
stimulation as the area with the fractional change (AR/R) > 1.5 X
107>, The response areas of different fingers are shown with
different translucent colors, and are superimposed on the vascular
image. In the present study, we only analyzed results qualitatively,
and did not quantitatively or statistically compare the detected
areas between the subjects. The reasons were as follows; (1) in
some subjects, the brains were more or less transformed due to the
brain tumor; (2) the anesthetic state was not exactly the same
between the subjects; and (3) part of the response area was located
outside the detected field (e.g., the Digit V response area of Cases 6
and 7 in Fig. 4).

In Fig. 4, we extracted the following characteristics of the
optical response patterns: (1) Digits I to V stimulation induced
optical responses which were sequentially aligned along the central
sulcus in the crown of the postcentral gyrus; (2) the Digit I area
was located in the most latero-inferior region, and the Digit V area
was located in the most medio-superior region; (3) in most cases,
the Digit | area was the largest and the Digit III-V areas were
smaller; (4) the neighboring response areas partially overlapped
each other, as illustrated with mixed colors.

In Fig. 4, the extent of overlapping areas showed inter-individual
variations. Especially in Case 4, the areal overlapping appeared
larger than in other cases. As stated in the previous section, the brain
tumor in Case 4 was located very close to the recording site, this
might have caused the transformation of the somatosensory cortex
and functional representation of the finger region.

Mapping of face representation in the somatosensory cortex

To examine whether similar characteristics of functional maps
were observed in other regions of the primary somatosensory
cortex, we applied the optical imaging technique to the face region
in two patients. Fig. 5A illustrates intrinsic optical images obtained
with supraorbital (N. Vi), zygomaticofacial (N. V), and mental
(N. V3) nerve stimulation in a patient who suffered from a low-
grade astrocytoma (Case 2 in Table 1). The recording site is shown
with a red circle on a photograph of the cortical surface, which
corresponded to the postcentral gyrus (right panels of Fig. 5A). The
detected reflectance signals were illustrated by a pseudo-color
image and were superimposed on a vascular image (left panels of
Fig. 5A). In these images, the optical responses induced by
supraorbital, zygomaticofacial, and mental nerve stimulation were
clearly detected from different areas along the central sulcus.
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Case 9 (Lt. cerebral cortex)
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Fig. 1. Intrinsic optical responses induced by Digits -V stimulation. Right Digits I to V were individually stimulated, and intrinsic optical signals were
recorded from the left somatosensory cortex of a 47-year-old patient (Case 9 in Table 1). The detected optical responses are illustrated by pseudo-color images
superimposed on the vascular image (left panels). The recording site is shown on a three-dimensionally reconstructed magnetic resonance (MR) image with a
blue rectangle and on a photograph of the cortical surface with a red ellipse. The yellow line indicates the central sulcus. The central sulcus was determined by
recording somatosensory evoked potentials (SEPs) in response to median nerve stimulation. The vascular image obtained at a wavelength of 540 nm is also

shown in the lower right panel.

Next, we determined the optical response area for each nerve
stimulation as the area with the fractional change (AR/R) > 1.5 X
107>, The response areas of different nerves are shown with
different translucent colors in Fig. 5B. In this figure, we showed
two examples of functional maps obtained from two patients (Case
2 and Case 3 in Table 1). As in the case with finger stimulation,
optical response areas induced by supraorbital, zygomaticofacial,
and mental nerve stimulation partially overlapped each other,

although the extent of the overlap was smaller than that in the
finger region (see Discussion).
Discussion

In the present study, we performed intraoperative intrinsic
optical imaging for nine patients, and succeeded in recording
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Case 4 (Rt. cerebral cortex)

parietal

anterior
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Fig. 2. Another example of intrinsic optical responses induced by Digits -V stimulation. The left panels show intrinsic optical responses obtained from the
right somatosensory cortex of a 38-year-old patient (Case 4 in Table 1). In the right panels, the recording site is shown on a three-dimensionally reconstructed
MR image with a blue rectangle and on a photograph of the cortical surface with a red ellipse. In this case, a brain tumor (oligodendroglioma) was located in the
premotor cortex. Photographs taken before and after resection of the tumor are shown on the lower right.

optical responses from eight patients as shown in Table 1. From six
patients, we could obtain clear functional maps of the finger or face
area in the somatosensory cortex. We discuss here the functional
representation of the finger and face in the somatosensory cortex,
and also consider a limitation in the application of intraoperative
intrinsic optical imaging.

Functional representations of the finger and face in the human
somatosensory cortex

As shown in Figs. 4 and 5B, electrical stimulation of the finger
or face induced optical responses along the central sulcus on the
postcentral gyrus, showing a topographic representation. In the



K. Sato et al. / Neurolmage 25 (2005) 1292—1301 1297

parietal -
' Digit | Digit Il
posterior

Fig. 3. An unsuccessful example of intrinsic optical imaging of Digits I-V responses. In this case, although Digits I and II stimulation induced optical signals as
shown in A, large signals indicated by arrowheads seemed to be movement artifacts due to the thickened arachnoid membrane. The thickened membrane
covered the region corresponding to the Digit III-V areas, so that further recordings were not made. In B, the response areas of Digits I and II are shown on the
vascular image in red and yellow, respectively.

(Gase 5 NS19)

finger response area, the fingers were sequentially represented the somatosensory cortex. The sequential order of the finger/face

from the latero-inferior region (Digit I) to the medio-superior representation observed in the present study is consistent with

region (Digit V), and in the face response area, parts of the face previous reports in humans using magnetoencephalography (MEG)

were aligned from the superior (N. V) to inferior (N. V3) region in (Nakamura et al., 1998; for a review, see Kakigi et al., 2000) and in
Case 4 (Rt. cerebral cortex) Case 6 (Lt. cerebral cortex)

parietal ¢ eepteal sulcus

anterior t

Case 7 (Rt. cerebral cortex) Case 9 (Lt. cerebral cortex)

-,

posterior

parietal

t T—» posterior
anterior

Fig. 4. Functional maps of finger representations in the somatosensory cortex obtained from four different patients (Case 4, 6, 7 and 9 in Table 1). The optical
response area for each finger stimulation was defined as the area with the fractional change (AR/R) > 1.5 X 10>. The response areas of different fingers are
shown with different translucent colors (Digit I: red; Digit II: yellow; Digit III: green; Digit I'V: blue; Digit V: red purple), and are superimposed on the vascular
image. Each response area is outlined with a black solid curve. Maps were obtained from the right (Case 4 and 7) and left (Case 6 and 9) cortices.
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A
Case 2 (Lt. cerebral cortex)
vascular image
AR/R 3
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2.0
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Fig. 5. Intrinsic optical images and maps of the face region in the somatosensory cortex. (A) Optical responses induced by supraorbital (N. V),
zygomaticofacial (N. V,) and mental (N. V) nerve stimulation in a 19-year-old patient (Case 2 in Table 1). The optical responses are illustrated with pseudo-
color images superimposed on the vascular image. The vascular image and the recording site (indicated by a red circle) are shown in the right panels. The
yellow line on the lower right photograph shows the central sulcus. (B) Functional maps of face representations in the somatosensory cortex obtained from two
patients (Cases 2 and 3 in Table 1). The optical response area for each stimulation was defined as the area with the fractional change (AR/R) > 1.5 X 107>, The
response areas of different nerves are shown with different translucent colors (N. V;: red; N. V,: yellow; N. V3: green), and are superimposed on the vascular
image. Each response area is outlined with a black solid curve. The recording site is shown on three-dimensionally reconstructed MR images with blue circles.
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non-human primates using electrophysiological recording (Kaas et
al., 1979; Nelson et al., 1980).

Kaas et al. (1979) showed that complete somatotopic maps are
present in each Brodmann’s area (3a, 3b, 1 and 2; Brodmann,
1909), using micro-electrode recording. Although it is important to
determine which Brodmann’s areas the response area corresponds
to, it is usually difficult to identify each Brodmann’s area based on
macroanatomical landmarks. Geyer et al. (1999, 2000) developed
an observer-independent and statistically-testable procedure to
identify cytoarchitectonic borders of Brodmann’s subdivisions,
and showed that Brodmann’s area 1 in the human brain occupies
the crown of the postcentral gyrus and reaches down into the
postcentral sulcus. Comparing their maps together with Brod-
mann’s original maps (Brodmann, 1909), it is reasonable to
consider that the optical response area along the central sulcus
correspond to Brodmann’s area 1.

Concerning the finger and face representations in the somato-
sensory cortex, we extracted two interesting characteristics from
Figs. 4 and 5B. Firstly, as shown in Cases 6, 7, and 9 of Fig. 4,
Digit I showed the largest territory and Digits III-V showed
smaller territories. A similar observation has been reported in
Brodmann’s areas 1 and 2 of the macaque monkey with the
intrinsic optical imaging method (Shoham and Grinvald, 2001).
These results might be due that (1) the different fingers have
different number of receptors, and/or (2) the brain has given more
area to the different fingers based on the amount of use by person.

Secondly, as shown in Fig. 4, the response areas of each finger
overlapped each other. In electrophysiological studies using awake
behaving monkeys, it was reported that individual neurons in the
somatosensory cortex respond to multiple digits (Favorov and
Whitsel, 1988a,b; Gardner, 1988; Iwamura et al., 1983a,b). Similar
results have also been observed using the intrinsic optical imaging
technique in anesthetized animals. Shoham and Grinvald (2001)
observed significant overlaps between activations evoked by
neighboring fingers in Brodmann’s area 1 of macaque monkeys,
and Chen et al. (2001) observed the overlap of optical responses in
Brodmann’s area 3b of squirrel monkeys. In the human cortex,
Cannestra et al. (1998) reported overlapping responses between the
thumb, index, and middle fingers. Krause et al. (2001) also
observed representational overlaps of the index and middle fingers
in multiple areas of the primary somatosensory cortex using a
functional MRI (fMRI) method. As shown in Fig. 5, the face
response areas in the somatosensory cortex also partially over-
lapped each other. However, the extent of the overlap in the face
region was smaller than that in the finger region. This might be
because stimulation was applied to part of the branches of the
trigeminal nerve (supraorbital, zygomaticofacial, and mental
branch). In the study of Schwartz et al. (2004), significant overlaps
of the upper and lower face regions were reported in a single case
study. Considering the results obtained in the present study
together with hitherto reported observations, the overlap of the
activated areas seems to be a common feature in the somatosensory
cortex not only in non-human animals, but also in humans. This
overlap might be functionally important in sensory information
processing.

For the overlapping of the response area, there is another
possibility. The optical responses obtained at a wavelength of 605
nm likely represents vascular changes, such as oximetry and blood
volume (Bonhoeffer and Grinvald, 1996,b; Nemoto et al., 2004;
Sheth et al., 2004a). Over the 5-s sampling period, the ‘vascular
overspill” may occur as a result of the spreading (or conduction) of

vascular responses to feeding vessels common to neighboring
cortical areas. Although electrophysiological studies suggest that
neuronal responses may indeed overlap (Favorov and Whitsel,
1988a,b; Gardner, 1988; Iwamura et al., 1983a,b), the origin of the
overlap of optical responses may be predominantly vascular rather
than neuronal, and its functional significance requires further
determination.

The difference between the monkey and human somatosensory
cortices

As described in the previous session, functional representation
of the somatosensory cortex was basically the same between
monkeys and humans. One difference was the lack of a “common
patch” in the human cortex, which was reported by Shoham and
Grinvald (2001) in the macaque monkey. Applying intrinsic optical
imaging to the monkey primary somatosensory cortex, they found
that stimulation of the fingers evoked activity not only in the
expected somatotopic position within the hand area, but also in the
adjacent “common patch” region, which was located just medially
to the fingers region. This area corresponds to the region
representing the ulnar volar pads (Nelson et al., 1980; Pons et
al., 1985), and they suggested that the common patch may be
dominated by inputs from very sensitive Pacinian receptors.

In our human study, responses like the “common patch” were
not observed in every case. This might indicate a difference in
functional representation of the somatosensory cortex between
monkeys and humans. Another possibility is that the result was
due to a difference in the stimulation paradigm: we used
electrical stimulation, whereas Shoham and Grinvald (2001) used
tactile stimulation. Cannestra et al. (1998) used finger tip
vibratory stimulation with intraoperative optical imaging, but
they did not describe the “common patch” in the human
somatosensory cortex, either.

Intraoperative intrinsic optical imaging and its application
limitations

Among several functional brain imaging techniques, intrinsic
optical imaging has the best combination of spatial and temporal
resolutions for mapping the functional topography of the human
cortex (Pouratian et al., 2003). Recently, many researchers have
become aware of the usefulness of this technique, and its
applications are expanding from the somatosensory cortex (Can-
nestra et al., 1996, 1998, 2001; Sato et al., 2002; Schwartz et al.,
2004; Shoham and Grinvald, 2001; Toga et al., 1995) to the motor
cortex (Pouratian et al., 2002) and the language centers (Cannestra
et al., 2000; Haglund et al., 1992; Pouratian et al., 2000). Intrinsic
optical imaging has also been used to detect the spread of epileptic
waves (Haglund and Hochman, 2004; Haglund et al., 1992). In the
present study, we applied this optical technique to nine patients,
and succeeded in recording optical responses from every case
except for one patient (Case 1 in Table 1), who suffered from
hemiplegia with loss of the SEP responses. These results imply that
intraoperative intrinsic optical imaging is a powerful technique to
evaluate human brain functions.

Here, we noted one limitation in applying this optical imaging
technique to human patients. As shown in Fig. 3A, a case in which
the arachnoid membrane was thickened, it was a difficult task to
rule out movement artifacts from the true signals. The arachnoid
membrane is often thickened in brain tumor patients, especially in
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elderly persons, and it is necessary to carefully consider the
condition of the brain before optical imaging. In the present study,
we tried to reduce movements of the thickened membrane with a
glass plate, but it was not successful. It might be useful to use
longer wavelengths for illumination or post-acquisition image
registration (Cannestra et al., 1998; Pouratian et al., 2003) to
overcome this problem.
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