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BACKGROUND

Magnetic resonance imaging {MRI) can provide a preop-
erative diagnosis of gliomatosis cerebri, but the findings
sometimes do not correspond with the clinical symptoms
or histologic findings.

CASE DESCRIPTION

Three-dimensional anisotropy contrast (3DAC) imaging
was used to assess damage to the neuronal fibers in two
patients with gliomatosis cerebri who presented with
only mental deterioration. Conventional MRI depicted
markedly abnormal findings consisting of widespread ar-
eas of abnormally high signal intensity in the corpus
callosum and in the bilateral white matter in both cases.
In contrast, 3-D AC imaging showed no abnormality ex-
cept for small dark areas in the corpus callosum or white
matter.

CONCLUSION

3-D AC imaging provides more accurate information
about damage to the neuronal fibers in cases of glioma-
tosis cerebri than other MRI techniques. © 2004
Elsevier Inc. All rights reserved.
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liomatosis cerebri is a rare variant of glioma

characterized by diffuse proliferation of glial
elements infiltrating normal nervous tissue with rel-
ative preservation of the underlying brain architec-
ture [1,5,13]. The clinical manifestations include
mental deterioration, personality change, and signs
of increased intracranial pressure [4,8,14]. Discon-
nection syndrome may be detected in patients with
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infiltrating tumors involving the corpus callosum
[12,17,19].

We treated 2 patients with gliomatosis cerebri
who presented with only mental deterioration.
Damage to the neuronal fibers was assessed using
three-dimensional (3-D) anisotropy contrast (3DAC)
imaging.

CASE REPORTS

PATIENT 1

A 48-year-old woman in good health suffered gener-
alized tonic convulsion. On admission, general
physical examination found no abnormalities. Neu-
rologic examination identified no motor weakness,
no sensery deficit, and neither apraxia nor agnosia.
Testing of cognitive function demonstrated mental
deterioration: verbal intelligence quotient (IQ) was
60 points and performance IQ was 58 points on the
Wechsler Adult Intelligence Scale-Revised (WAIS-R)
[21].

Magnetic resonance imaging (MRI) was per-
formed with a Signa VH/i 3.0 T (General Electric
Systems, Milwaukee, WI). Short inversion time in-
version recovery (STIR) sequence was used for T2-
weighted imaging with the following parameters:
repetition time (TR) 5000 ms, echo time (TE) 25 ms,
inversion time 140 ms, matrix 512 X 384, field of
view (FOV) 240 mm, and 6 mm slice thickness.
Diffusion-weighted (DW) imaging with motion pro-
viding gradients applied in three directions was
also performed to investigate the neuronal fibers
using the following parameters: TR 6000 ms, TE 80
ms, matrix 256 X 260, FOV 240 mm, 6 mm slice
thickness, and b value 800 s/mm?Z, The DW images
were transferred to a personal computer and 3-D AC
images were generated to visualize the directional-
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Axial (Jeff), coronal {center), and sagittal (right) short inversion time inversion recovery images showing diffuse
high-intensity lesions. Tumor invasion was apparently present in the enlarged corpus callosum, indicating a
space-occupying lesion.

ity and damage in the neuronal fibers [10,16]. The
STIR images depicted widespread areas of abnor-
mally high signal intensity in the corpus callosum
and in the white matter of the bilateral frontal and
parietal lobes (Figure 1). In contrast, the 3DAC im-
ages showed no abnormality except for small dark
areas in the corpus callosum (Figure 2).

Brain biopsy was performed by a stereotactic
technique. Histologic examination of the specimens
obtained from the corpus callosum showed diffuse
glial infiltration. The majority of cells were spindle
shaped with moderately differentiated neoplasticity
and contained abnormally swollen nuclei (Figure 3).
The histologic diagnosis was fibrillary astrocytoma.

PATIENT 2

A 68-year-old woman was transferred to our hospital
after presenting with complaints of headaches. Com-
puted tomography of the head revealed diffuse areas
of abnormally low density. On admission, general
physical examination found no abnormalities. Neuro-
logic examination identified no motor weakness, no
sensory deficit, and neither apraxia nor agnosia. Test-
ing of cognitive function demonstrated mental deteri-
oration: verbal IQ was 86 points and performance 1Q
was 61 points on the WAIS-R.

The STIR images showed widespread areas of
abnormally high signal intensity in the splenium

2 Axial (feff), coronal (center), and sagittal (righf) three-dimensional anisotropy contrast images. Neuronal fibers
running in the superior-inferior, leftright, or anterior-posterior directions are assigned red, green, or blue,
respectively. Mixed colors indicate oblique orientation of the neuronal fibers. The damaged fibers appear as dark areas,
whereas the green area indicates that the neuronal fibers were running left to right or right to left in the corpus
callosum. Image distortion was caused by a susceptibility artifact in the sagittal image.
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3 Photomicrograph of the specimen from the ¢
original magnification, X 100).

and in the white matter of the bilateral occipital and
frontal lobes (Figure 4 left). In contrast, the 3DAC
images showed no abnormality except for the dark
areas in the occipital lobe (Figure 4 right).

Brain biopsy was performed by a stereotactic
technique. The histologic diagnosis was fibrillary
astrocytoma.
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callosum revealing increased numbers of glial cells (H&E;

DISCUSSION

MRI can confirm the preoperative diagnosis of gli-
omatosis cerebri [5-7,15,18], because T2- or proton
density-weighted MRI demonstrates the lesions as
abnormally high intensity areas. However, histo-
logic examination shows that abnormal glial cells

Left; Short inversion time inversion recovery image showing diffuse high-intensity lesions. Tumor invasion was

apparently present in the enlarged corpus callosum, indicating a space-gccupying lesion. Right: Three-dimensional
anisotropy contrast image. Neuronal fibers running in the superior-inferior, left-right, or anterior-posterior directions
are assigned red, green, or blue, respectively. Mixed colors indicate oblique orientation of the neuronal fibers. The
corpus callosum appears as blue and green, which indicates that the neuronal fibers were not destroyed.
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infiltrate the white matter along the anatomic path-
ways without destruction of the normal architec-
ture {3,6,22]. The primary manifestations are not
focal neurologic deficits as expected based on the
findings of MRI but mental changes and increased
intracranial pressure as expected based on the his-
tologic features [1,2,14].

3DAC imaging is an established method to visu-
alize directionality and damage in the neuronal §-
bers [9-11,20]. 3DAC imaging is useful to investi-
gate the pathologic involvement of the pyramidal
tract in patients with brain tumors [10]. In the
present 2 cases, STIR imaging showed distinct ab-
normally high intensity areas in the corpus callo-
sum and in the bilateral white matter, whereas
3DAC imaging showed no signal abnormality except
for small dark areas in the corpus callosum or white
matter. Clinically, both patients presented with no
neurologic symptoms other than mental deteriora-
tion. Histologically, the specimens obtained from
the corpus callosum showed existence of tumor
cells. Although 3DAC imaging has some limitation
to estimate the tumor existence, these findings sug-
gest that 3DAC imaging provides more accurate
information about damage to the neuronal fibers in
patients with gliomatosis cerebri than other MRI
methods.

This work was supported in part by Grants-in-Aid for
Advanced Medical Science Research from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan.
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COMMENTARY
The authors describe the use of 3-D anisotropy
contrast (3 DAC) MRI to assess damage to the neu-
ronal fibers in 2 patients with gliomatosis cerebri.
The useful use of 3 DAC highlights the trend to-
ward 3-D MR axonography. Many reports have been
published showing the usefulness of 3 DAC MRI to
assess wallerian degeneration, involvement of py-
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ramidal tract in patients with brain tumor, and de-
myelinating disease. The authors’ report on 2 pa-
tients with gliomatosis cerebri, a rare disease, is
another interesting application to study the glioma-
tosis cerebri. Their finding on 3 DAC is very inter-
esting. However, does this justify believing there is
no tumor along the tract? The diagnostic accuracy
of 3 DAC MRl in their cases has not been studied by
biopsy of areas, which were dark on 3 DAC MRL It is
an important imaging technique; however, its sen-
sitivity is certainly less than perfect.

Clinical cranial MRI examinations include spin-
echo T,-weighted (T\W), spin-echo T,weighted
{T,W) gradient echo pulse sequence, and fluid at-
tenuation inversion recovery (FLAIR) pulse se-
quence. T,W and FLAIR images generally depict
more pathologic lesions than do spin-echo T\W MR
images. Gradient echo images are very useful to
detect blood by-products, as well as calcification.
Diffusion-weighted MRI (DWI) is widely used for the
detection of acute ischemic stroke {1]. The contrast
on a diffusion-weighted image of the brain is af-
fected by the direction of white matter fiber path-
ways [2] to determine the direction and corre-
sponding diffusivity of white fibers. The diffusion
tensor imaging that characterizes anisotropic diffu-
sion in 3D has to be performed [3]. Several methods
that utilize diffusion anisotropy have been devel-
oped to depict the white matter fiber pathways [4].
Some of these methods use colors and the appear-
ance of color image may depend on the choice of
the computer display [2,5]. These techniques pro-
vide added information regarding the direction of
white matter fibers so that structures that are in-
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distinct on the spin-echo T,W image may be
delineated.

The white matter fiber pathways, in particular
corpus callosum optic radiation, internal capsule
and superior longitudinal fasciculus can be clearly
identified. In addition, superposition of a spin-echo
T2W MRI and a color-coded image, derived from
three orthogonal diffusion-weighted images could
show white matter tract architecture to further as-
sess brain pathology.

Mahmood F. Mafee, M.D.
Department of Radiology
University of lllinois at Chicago
Chicago, lllinois
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Abstract

Background: In vivo, water diffusion displays directionality due 1o presence of complex
microstructural barriers in tissue. The extent of directionality of water diifusion can be expressed
as a fractional anisotropy (FA) value using diffusion tensor magnetic resonance imaging (DTI). The
FA value has been suggesied as an indicator of the cell density of astrocytic tumors. The aim of (he
present study was to confirm beyond doubt that FA values indicate cell density even when limited in
glioblastomas and to determine whether the FA value of a given paticnt predicts proliferation activity
in the individual glioblastoma.

Methods: We performed DTI in 19 patients with glioblastoma and measured the FA values of tumor
and normal brain regions prior to computed tomography-guided stercotactic biopsy. Differences in
mean FA value between normal brain regions and glioblastoma lesion were compared. Cell density
and MIB-1 indices were examined using tumor specimens obtained from biopsies. Correlation
among FA values, cell density, and MIB-1 indiccs was also evaluated.

Results: The mean FA value significantly differed between normal brain regions and glioblastioma
lesions, Positive correlation was observed between FA value and cell density (r = 0.73, P < 0.05) and
between FA value and MIB-1 index (» = 0.80, P < 0.05).

Conclusions: Our results suggest that the FA value of glioblastoma as determined by DTI prior to

surgery is a good predictor of cell density and, consequently, proliferation activity.

© 2005 Elsevier Inc. All rights reserved.
Keywords:

Cell density; Diffusion tensor magnetic resonance imaging; Fractional anisotropy; Glioblastoma; Proliferation

1. Introduction

Essentially, the diffusion of water molecules displays
microscopic random {Brownian) translational motion, and
under these conditions, the molecular mobility of water is
the same in all directions. In vivo, water diffusion takes on
an abnormal motion due to hindrance by the presence of
complex microstructural barriers in tissue, such as white
matter tracts, ccll membranes, and/or capillary vesscls, and

* Corresponding author. Tel: +81 196 51 5111x6603; fax; +&1 196 25
8799.
E-mail address: tbeppu@iwate-med.ac.jp (T. Beppu).

0090-3019/S - sce front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/.surmen.2004.02.034

consequently the change in magnitude and directionality of
water diffusion ariscs in a 3-dimensional space [2]. This
directional variation is termed diffusion anisotropy. Diffu-
sion tensor magnetic resonance imaging (DTI) provides
quantitative information about the magnitude and direction-
ality of water diffusion along a vector in a 3-dimensional
space [4,6,17,26]. Evaluation of directionality of water
diffusion using DTI has rccently become available for
visualization of ccrebral fiber tracts {26] and demonstration
of substantial diffcrences among the various lesions of
multiple sclerosis [1,7,8,24]. In DTI, a set of orthogonal
vectors known as eigenvectors, which define the orientation
of the principal axes of a diffusion ellipsoid in space, are
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calculated from the diffusion tensor. The length of each
vector is represented by corresponding eigenvalues. The
fractional anisotropy (FA) is derived from eigenvectors for
quantification of anisotropy. A FA value is calculated using
the following formula based on eigenvalues in the diffusion
tensor [2,18]:

=y V=00 + (o - O + (- D)
V2 \/llz + lzz + 2.3:
(1)

(D)=%'(Al+412+13)"' ' (2)

where A,, 43, and A; are the largest, intermediate, and
smallest eigenvalues, respectively, of the diffusion tensor.
The FA is expressed as a numerical value between 0 and 1
without a unit. A higher FA value implics a greater degree of
anisotropic motion of water molecules.

Presurgical knowledge of the cell density and prolifer-
ation potential of the tumor tissue would have prognostic
significance and help to elucidate the histologic character-
istics in individual patients with astrocytic tumors. Water
diffusion has been suggested to be affected by tumor
cellularity in gliomas [22]. Our preliminary study sug-
gested a correlation between the FA value and the tumor
cell density or malignancy grades in astrocytic tumors [3],
which led to the presumption that FA values also correlate
with the cell proliferation activity of astrocytic tumors, To
date, whether FA can act as an indicator of cell
proliferation in astrocytic tumors is unknown. The
quantitative estimation of cell density or proliferation is
largely complicated by widely distributed wvalues of
differently graded astrocytic tumors when a study involves
a group of mixed, differently graded tumors. To confirm
whether FA values indicate cell density and proliferation
activity of an astrocytic tumor group limited to 1 type, we
examined the relationship among FA value, tumor cell
density, and MIB-1 index, which is widely used as a
quantitative information of cell proliferation [10,12,19,25]
in glioblastormas alone.

2. Materizals and methods
2.1. Patient population

The study protocol was approved by the Ethics Com-
mittee of Iwate Medical University (Morioka, Japan). The
patients recruited to this study were admitted to the
Department of Neurosurgery, Iwate Medical University,
between September 2000 and December 2002, Entry criteria
for this study were as follows: (A) adult patients who were
diagnosed with supratentorial glioblastoma; (B) paticnts
whose tumor was primarily in the cercbral whitc matter,
except for the basal ganglia, corpus callosum, ventricle, and

brain stem; (C) patients who received routing magnetic
resonance imaging (MRI) and DTI within the 2 weeks prior
to computed tomography—guided stereotactic biopsy; and
(D) informed written consent to participate. Diagnosis was
based on the histologic features of specimens obtained from
a stereotactic biopsy according to the World Health
Organization classification [13]. A total of 19 patients (11
males and 8 females; mean age, 58.9 years; age range, 28-77
years) participated. The main tumor sites were the frontal
lobe in 6 paticnts, parictal lobe in 7, temporal lobe in 5, and
occipital lobe in 1.

2.2, Measurement of FA value

All routine MRI and DTI scans were performed using a
3.0 T MRI system (Signa VH/I, GE Medical Systems,
Milwaukee, WI) with a standard head coil. A spin echo-
type echo planar imaging sequence with diffusion gradients
applicd in 6 directions was used for the diffusion tensor
imaging: repetition time 10,000 ms, echo time 84 ms, matrix
256 x 260, field of view 240 mm?, 6 mm thickness, 2 mm
gap, b factors 800 s/mm’. All patients also underwent
conventional spin echo T1- and T2-weighted imaging prior
to DTI and Tl-weighted imaging with contrast medium
after DTI. All image analysis after processing was
performed on a scanner console using a subprogram of
the Functool image analysis software (GE Medical Systems,
Bue, France) modified by one of the investigators (HK),

The region of interest (ROI) was determined on a slice
showing maximal tumor size in T1-weighted imaging with
contrast medium, because the tumors of all patients were
detected as enhancing lesions. Where possible, the ROI was
placed at the enhancing central region of the tumor, If
central necrosis was evident, the ROI was piaced on a ring-
enhancing region of the tumor containing more
mectabolically active sites than the central region (Fig. 1 A).
The ROI was also placed in subcortical normal white matter
(NWM) where no abnormalities on T2-weighted MRI were
detected. When the tumor was sited in the frontal lobe or
anterior half of the temporal lobe, the ROI was placed in
subcortical white matter of the contralateral occipital lobe,
On the other hand, the ROI was placed in subcortical white
matter of the contralatcral frontal lobe when the fumer was
situated in the parictal lobe, the occipital lobe, or the
posterior half of the temporal lobe. If the tumor was not in
or had not infiltrated into the corpus callosum on T2-
weighted MRI, the ROI was placed at the genu or splenium
of the corpus callosum. When the tumor was sited in the
frontal lobe or anterior half of the temporal lobe, the ROI
was placed in the splenium, whereas the ROI was placed in
the genu when the tumor was situated in the parietal lobe,
the occipital lobe, or the posterior half of the temporal lobe.
ROIs were automatically transferred onto the coregistered
FA maps constructed from DTI (Fig. 1B, C). The FA values
were then calculated for each patient using the modified
Functool image analysis software. The FA value was
identified as a mean of values derived for every pixel in a
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Fig. 1. Locations of ROJ in a patient with glioblastoma of the right parietal lobe. A, Gadolinium-enhanced T1-weighted MR image. Circle, ROI within a ring-
enhancing lesion of the tumor. B, The coregistered FA maps from DTI. The ROT that was determined from the gadolinium-enhanced T1-weighted MR image
was transferred onto a FA map. C, FA map for NWM. Because the tumor was situated in the parietal lobe, only FA values in ROIs of the contralateral frontal

lobe (No 4) and the genu (No 1) were accepted.

given ROL. All MRI and DTI procedures were performed by
1 investigator (TT).

2.3, Tumor tissue specimens

In all patients, the tumor tissue specimens were obtained
by computed tomography—guided stercotactic biopsy tar-
geted to the intratumoral area corresponding exactly to the
ROI within which the FA value was measured. For patients
who underwent tumor resection with a large craniotomy,
stereotactic biopsy was performed prior to tumor resection.
In thesc patients, a silicon tube was left in the intracercbral
trajectory made by the biopsy and was then used as a guide
for tumor localization during tumor resection.

Afer biopsy, specimens were immediately fixed in 30%
formalin for 24 hours at room temperature and then
embedded in paraffin. Each paraffin block was cut into 6-
pum-thick serial sections that were used for hematoxylin and
eosin staining and Ki-67 immunohistochemical staining.
Cell density was identified as the mean of tumor cell
numbers in hematoxylin and eosin—stained preparations in
10 fields of a square 25 pm per side under 200 X
magnification. Ki-67 was immunohistochemically detected
using anti-Ki-67 monoclonal antibody (MIB-1, DAKO,
Copenhagen, Denmark) diluted 1:50 and was stained by the
modified avidin-biotin-peroxidase complex method [11].
Prior to Ki-67 immunohistochemical staining, sections were
treated in an autoclave at 121°C for 15 minutes. The
percentage of stained positive cells in approximately 1000
cells, except for inflammatory cells and vascular cells, under
a light microscope (200 x) was defined as the MIB-1 index
for that patient. All histologic analyses were performed by 3
investigators (YS, NY, and AK) with no prior knowledge of
the patient data.

2.4. Statistical analysis

Mean FA values of subcortical NWM, normal corpus
catlosum, and glioblastoma tissue were calculated and then
compared statistically using 1-factor ANOVA. Correlation
among FA values, cell density, and MIB-1 indices of
glioblastoma tissues was analyzed statistically using Pear-
son’s correlation coefficient. Statistical significance was
established at the P < 0.05 level.

3. Results

The mean FA values of the corpus callosum (the genu in
9 patients and the splenium in 10 patients), subcortical white

p<0.05 p<0.05

Corpus Subcortical Glioblastoma
callosum white matter tizsue

Fig. 2. Mean FA values of regions in NWM and glioblastoma. Significant
differences in mean FA values were observed between the corpus callosum,
subcortical white matter and glioblastoma lesion.
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Fig. 3. Comelation between FA value and cell density (A). between cell
density and MIB-1 index {B), and between FA value and MIB-1 index (C)
in all patients. Strong correlation was observed between FA value and cell
density (A) and between FA value and MIB-1 index (C), whercas
corrclation between cell density and MIB-1 index was moderate {B).

matter (the frontal lobe in 9 patients and the occipital lobe in
10 patients), and glioblastoma lesion were 0.70 + 0.05,
0.32 + 0.04, and 0.24 + 0.05, respectively. The mecan FA
values were significant different among the corpus callosum,
subcortical white matter, and glioblastoma tissue { P < 0.05;
Fig. 2).

In glioblastoma lesions, the mean values of cell density
and MIB-1 index were 270 * 93% and 21.6 = 10.0%,
respectively. Strong correlation was observed between FA
value and cell density (r = 0.73, P < 0.05) and between FA
valuc and MIB-1 index (r = 0.80, P < 0.05; Fig. 3A, ©),
whereas there was moderate correlation between cell density
and MIB-1 index (r = 0.61, P < 0.05; Fig. 3B).

4, Discussion

Normal white matter shows strong directionality of water
diffusion and, consequently, a high FA value, because the
water diffusion parallel to the white matter tracts is less
restricted than the water diffusion perpendicular to them [26].
Although limited information is available for the subcortical
NWM and corpus callosum, FA values are 0.2 to 0.6 in the
fronta] lobe [7,8,21,24,28] and 0.6 to 0.8 in the corpus
callosum [1,7,8,16,21]. The FA values in the present study
for the subcortical NWM and corpus callosum were similar
to those reports (Fig. 2), confirming the reliability of the FA
values obtained here. On the other hand, the FA values of
glioblastoma tissue have been reported to be lower than
those of NWM [20], which is consistent with our result.
When astrocytic tumors grow in white matter, almost all
normal fiber and cell structures are destroyed by the tumor
nidus or displaced and separated to surround the tumor
nidus [27]. One possible explanation for the lower mean FA
values of the tumor core than NWM is that destruction or
displacement of normal fibers induces a decrease in the
directionality of water diffusion and a relative decrease in
FA value [3,20].

FA value is thought to be largely affected by tumor cell
density in glioma tissue [20]. Our preliminary study
reported that higher anaplastic grade and higher cell
density increased the FA value of differently graded
gliomas [3]. The present study indicated that FA values
strongly corrclated with cell density even when the analysis
was limited to glioblastomas alone (Fig. 3A), We hypoth-
esized that the FA value of astrocytic tumor tissue is
determined by a balance between factors decreasing the
degree of the directionality of water diffusion, such as fiber
destruction or displaccment, and factors increasing it, such
as high cell density and/or vascularity [3]. Even in a study
group limited to glioblastomas, cell density rather than
normal fiber tracts would predominantly affect FA value, as
normal fibers are completely destroyed or displaced to
around the tumor core. In the present study, FA value
strongly correlated with MIB-1 index (Fig. 3C). This
finding could be arrived by syllogism (ie, comeclation
between FA value and cell density and between cell density
and MIB-1 index) and allows the assumption of correlation
between FA value and MIB-1 index. The comelation
between FA value and MIB-1 index suggests that the FA
value predicts not only cell density but also proliferation
activity in glioblastomas. Although there is general
consensus that MIB-1 index does not allow a prognosis
in individual patients with glioblastoma [13], we believe
that prediction of proliferation activity prior to surgery
would be helpful for the diagnosis and characterization of
glioblastomas.

Why FA value, which is an indicator of directionality of
water diffusion, correlates strongly with cell density in
glioblastoma tissuc is unclear. Using diffusion-weighted
MRI, evaluations of water diffusion in gliomas or the other
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brain tumors have been documented previously [4,5,9,14,
15,22,23]. All authors reported that the value of the
apparent diffusion coefficient, which is an indicator of
the magnitude of water diffusion, decrcased with tumor cell
density. The apparent diffusion coefficient values nega-
tively correlated to the cell density in both glioblastomas
and diffuse astrocytomas [14]. Furthermore, low apparent
diffusion coefficient value in gliomas reflects a decreased
volume of extraceilular space, which accelerates water
diffusion due to encroachment by tumor cells, and/or an
increased intracellular viscosity [5,22]. Similarly, we
speculate that | possible reason for the correlation between
FA value and cell density is that an increased amount of
cellular membranes and intracellular viscosity, as well as
relatively decreased extracellular space in glioblastoma
tissue, also induces an increase in the extent of dircction-
ality of water diffusion within each pixel of DTI, resulting
in a relative increase in FA value,

The present study possesses some limitations regarding
interpretation of the FA values. First, how structural factors
other than cell density (eg, vascularity, edema, microcysts,
tumor cell size, bipolar processes of neoplastic cells, and
velocity of flowing blood in capillaries} affect the diree-
tionality of water diffusion and alter FA values was not
cxplored. Although the present results suggest that primarily
cell density affects FA value, these other factors may also
affect it to some small extent. This issue is a matter for
future analysis. Second, the present results do not apply to
the invading lesion arcund a tumor nidus. Within such
lesions, tumor cells infiltrate along myelinated fibers and
disrupt normal cell structure [13]. It is not clear how the
directionality of water diffusion and FA are affected by
preserved fiber tracts, normal cell structure, and vigorous
edema in peritumoral regions. Third, the present results do
not apply to brain tumors other than glioblastoma, because
the histologic structures of the other tumors differ from
those of glioblastoma. For example, the FA value of
gliomatosis cerebri with moderate cell density is equivalent
to that of glioblastoma, because preservation of normal
axons increases the extent of directionality of water
diffusion [3]. Correlation of FA valuc with cell density
and proliferation activity is required for each tumor using a
study group limited to 1 type.

In conclusion, our findings suggested that the FA value of
glioblastoma is determined at the very least by cell density
and, consequently, correlates with prolifcration activity,
although the sample size of the present study was small.
Mecasurement of FA value using DTI will most likely
become an option for auxiliary examinations prior to
surgery for glioblastoma.
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Commentary

In this interesting article, Beppu et al suggest that
diffusion tensor imaging can be used to look at the
disruption of fibers by an invasive tumor. This is a
potentially important application of this novel technique to
the analysis of brain tumors. At the Brigham and Women’s
Hospital, we have developed this technology primarily to
assess to what degree low-grade tumors infiltrate rather than
disrupt fibers. It has been an important too! for assessing the
likelihood that surgery will cause new deficits in patients
with these tumors.

The findings of Beppu et al are what we all might well
believe —that giioblastomas are invasive tumors that
significantly disrupt normal fiber tracts. Although the study
has relatively few patients, the techniques are quite
demanding and thercfore worthwhile reading. This is a
valuable addition to the litcrature of neurosurgical oncology
to decide whether surgery should be done.

Peter M. Black, MD, PhD
Department of Neurosurgery
Children’s Hospital

Boston, MA 021135, USA
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Gradual recovery from dyslexia and related serial
magnetoencephalographic changes in the lexicosemantic
centers after resection of a mesial temporal astrocytoma

Case report

Kyousuke Kamapa, M.D., YUTAKA SawaMURs, M.D., FumMiva Takevcim, PieD.,
Kivormro HoukiN, M.D., HIDEaKI KawscUcHI, M.D., Y osBINOBU Iwasakt, M.D.,

AND SHINYA KURIKE PH.D.

Deparnnent of Newrosurgery, Research Instime for Electronic Science, Deparmient of Laboratory
Medicine, Hokkaido University; and Depariment of Newrosurgery, Sapporo Medical College,

Sappore, Jupan

¥ Letter-pereeption centers are not held in as high regard as motor- and language-related cortices during planming of
neurusurgical procedures, and there have been no reponts seggesung cordceal reorganization of reading ability. The
duthors describe a patient with a lett mesial temporal glioma in whom two letter-percepiion centers (the anterior por-
tion of the left superior temporal gyrus and the left fusitorm gyrus) were successtully localized before surgery by per-
torming magnetoencephalography (MEG) during reading tasks. Controt MEG examinations of 15 healthy volunteers
were also performed to assist in a careful interpretation of patient results. Although a radical resection of the mesial
temporal ghioma, which involved the left fusifonm gyrus, caused severe dyslexia. the patient’s impaired reading skills
improved gradually during a I-year postoperative period. In the meantime. the spared left superior temporal gyrus dis-
pluyed un overshot recovery of MEG responses. During the postoperative period there wis 1o obvious recovery in
MEG signals and no vcompensatory activity in the contralaterat fusiform gyrus. This cuse dernonstrates ehart lexicose-
nantic centers involved in the reading process can be nuninvasively tocalized using MEG and that the results obuined
are highly reliable for surgical planning. The results of the repeated MEG reflected sequentially the patient’s recovery
from dyslexia. This is the first report in which MEG studies have been shown 1o predict prepperatively the risk of dys-

lexia and demonstrate its serial physiological recovery.

Key Worns + dyslexia + glioma ¢ mesial temporal lobe <« functional recovery -«

magnetoencephalography

in the language-dominant hemisphere must spare the

classic frontal motor and temporal receptive language
areas to avoid persistent aphasia. Most neurosurgeons
have strictly followed this basic guideline, even in glioma
surgery.

On the other hand, the cortical areas related to letter per-
ception have not been well acknowledged. The semantic
center of letter reading has not been seriously considered
during surgical planning. Reading impainments such as dys-
lexia can be masked by coexistent major complications
such as aphasia or dementia. Nevertheless, dyslexia essen-
tially affects patients” intellectual life and work and is a sub-
ject that should be duly considered as & major complication,

Previous studies of lesions have demonstrated that the
superior temporal and angular gyri in the dominant hemi-
sphere contribute mainly to letter-reading processes.™ No-

I T has been generally accepted that resections performed

Abbreviarions used in thix paper: IMR = lunctional inaghetic res-
onapee; [Q = intelligence quotient; LORETA = low-resolution elec-
romagnetic tomography; MEG = magnetoencephalography; PET =
positron emission lomography: RMS = root mean square: SLTA =
Standard Language Test for Aphasia: WAIS-R = Wechsler Aduli
Intelligence Test-Revised.
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bre. et al.." found the site of lexicosemantic activity related
(o the reading process in the inferior temporal region, in-
cluding the fusiform gyrus, by using subdural electrodes.
Studies in healthy volunteers in which noninvasive func-
tional inraging techniques such as PET and MR imaging
were performed have demonstrated that the inferior tempo-
ral area is activated by several reading tasks. " The fune-
tional dominance of the fusiform gyrus, however, rtemains
unclear because most studies have demonstrated bilateral
responses in reading processes.

Magnetoencephalography directly detects neuronal ac-
tivily and provides a better time resolution than other nog-
invasive methods of mapping, In this report. an MEG in-
vestigation in which letter-reading tasks were performed
preoperatively localized the lexicosemantic centers in a pa-
tient with a lefl mesial emporal glioma. After complele
resection of the wmor, which involved the inferomesial
temporal region in which the semantic-MEG dipoles were
concentrated, the patient suffered from severe dyslexia. He
gradually recovered within 1 year, We followed the pa-
tient’s recovery by performing serial MEG. which reflacted
the seventy of the dyslexia and the clinical usefuiness of
fexicosemantic MEG.
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TABLE 1
Results of the SLTA and lexicosemantic MEG investigations*
SLTA Score (%) - MEG
Verbal Mean Reaction
Timing Reading Writing Speech Comprehension Time (msec)f Task Performance (%)
preop 100 160 100 100 800 x 213 92.3
7 or 10 days} 42 75 78 80 NT NT
3 mos 80 88 90 90 1320 + 375§ 63.8
8 mos 90 92 97 28 1212 + 305§ 33.0

* NT = not tested.
+ Mean + standard deviation.

¥ Neuropsychological tests and the MEG study were performed 7 and 10 days postoperatively, respectively.

§ p < 0.5, Student t-test.

Case Report

History. This 34-yeur-old, right-handed man experienced
transient amnesia for a few ruinutes in April 2001, Betore
the incident he had done well in his employment as an of-
fice worker. Neurological examination revealed no abnor-
maiity on the day after the episode, but T ,-weighted MR
images revealed a large hypointense mass in the lefl me-
sial temporal region. The lesion appeared homogeneously
hyperintense on T-weighted MR images and was not en-
hanced following a Gd—diethylenctriamine pentaacetic ac-
id injection. The mass involved the hippocampus, uncus,
amygdala, and parahippocampal and fusiform gyri. but not
the superior or middle temporal gyri. These findings sug-
gested that the mass was a low-grade astrocytoma originat-
ing from the mesial temporal lobe. No neurological deficit
had appeared before treatment and thus our major concern
was whether the brain area to be involved in surgery would
stitl tunction postoperatively.

Examination. Preoperative neuropsychological exami-
nations, including the SLTA (Japanese edition), WAIS-R,
Miyake auditory-verbal memory test. and Benton Visual
Retention Test detected no language deficits or memory dis-
wrbinece. The SLTA is the standardized test battery most
commonly used to evaluate Japanese patients with aphasia.
The aphasia severity ratings (range (), most severe-10, nor-
mal) are based on the 19 subscores of the SLTA, and these
were used 4s a primary langnage measurement tor this pa-
tient. The following six subscores of the SLTA were se-
guertiafly analyzed: reading alond words; reading compre-
hension (in which the patient points out images ot objects
indicated by written words); dictation of letters; naming: au-
ditory comprehension (ability to obey verbal commands);
and sentence tepetition, The patient could complete the
tasks of the SLTA without difficulty and obtained full points
tor all the subscores. The verbal and performance 1Qs, de-
termined using the WAIS-R, were 112 und 118, respective-
ly. The patient’s hand preference was predominantly right
sided {+105 on the Edinburgh Handedness Inventory)”
and an intracarotd sodivm amobarbital test (Wada test) re-
vealed a [eft-hemisphere dominance (or language functions
and a right-hemisphere dominance for memory. Lexicose-
mantic MEG. performed using a letter-reading task, local-

ized two letier-perception centers (the anterior portion of

the left superior temporal gyrus and the left fusiform gyrus).
as described in detatl later in this paper, Because this large
fow-grade glioma was thought to be life threatening. but
curable by a compiete resection, we proposed radical re-
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moval of the tumor involving the inferior temporal region,
informing the patient of the risks of possible postsurgical
neurological deficits, The patient accepted the treatment
plan and gave his informed consent to participate in pre-
and postoperative lexicosemantic examinations including
MEG and neuropsychological tests.

Operativn. The middle and inferior temporal gyri were
exposed by a frontotemporal craniotomy. The bran tumor
was found after a corticotomy. which encompassed 4 4-cm
anterior portion of the inferior temporal gyrus. Intraopera-
tive observation disclosed mmor invasion into the inferior
temporal gyrus, fusiform gyrus, amygdala, uncus. and hip-
pocampus, The involved brain tissue was completely re-
sected. The histopathological diagnosis was World Health
Organization Grade II diffuse astrocytoma.

Postoperative Course. The patient awoke with severe dys-
lexia and a slight receptive aphasia. Auditory comprehen-
ston and repetition and naming capabilities were almost
intact. Neurological and neuwropsychological examinations
were serially performed throughout an 8-month postopera-
tive period. On the 7th postoperative day, the man still dis-
played severe reading and wiiling impatrments {scores of
3 in reading aloud, 4 in reading comprehension, and 7 in
letter dictation; Table 1) with a right upper homonymous
quadrantanopia. Speech function and auditory comprehen-
ston were, however. relatively preserved. The man’s verbal
1Q (WAIS-R) was 88, which was lower than preoperative-
ly despite the fact that he retained a normal performance 1Q
(t16).

Three months after surgery, the impairments had im-
praved. but he stll had difficulty in reading and exhibit-
ed phonemic paralexia (scores of 6 in reading aloud and 8
in reading comprehension). It is noteworthy that he could
point out objects vorrectly with a finger, even though he
could not read aloud the names of written objects (under-
standing without phonology) (Table 1). Eight months afler
surgery. the patient’s reading impairment had remarkably
improved (scores of 8.3 in reading aloud and 9 in reading
comprehension) and he became able to read newspapers
with some effort. His verbal 1Q (103) was much improved.
bur did nat reach his preoperative level. _

The Mivake anditory—verbal memory test and the Benton
Visual Retention Test did not show any deterioration in the
patient’s short-term memory and, clinically, he displayed
lile memory disturbance following the operation. He re-
turned to his office work. but still acknowledged lingering
reading difticulties.

J. Newrosurg. ! Volume 100 ] June, 2004



Reading reorganization on MEG

Summary of Tests and Findings

Lexicosemantic MEG Studies

The MEG signals were recorded using a 204-channel
biomagnetometer (VecrorView; Newromag, Helsinki, Fin-
land) in a magnetically shiclded room. Serial MEG studies
were performed before the operation and 10 days. 3 months,
and 8 months after surgery. Despite the fact that the patient’s
reading comprehension skills generally improved through-
out the postoperative peried, the postoperative MEG find-
ings were compared with the preoperative MEG findings.
We acquired two daa sets for each task to confinm stable
and consistent MEG responses. In particular, we performed
the preoperative MEG investigations on two ditferent days
(7 and 3 days before surgery) and also performed control
examinations in 15 strongly right-handed volunteers who
had experienced no adverse cerebral events or neurological
deficits.

One hundred fifty words were visually presented with a
300-msew exposure time and interstimubus intervals ranging
berween 2800 and 3200 msec during the MEG recordings.
Each word was a noun thal consisted of three kana letters
(Jupanese phonetic symbols that were presented, centered
at a4° visual angle). The patient and volunteers were asked
to categorize the presented word as abstract or concrete by
pushing buttons with the index or middle finger, respec-
tively (kuna reading). To idenufy the lexicosemantic re-
sponse specilic o the kana-reading task, we presented 150
pairs of Arabic leters and asked the patient and volunteers
10 decide whether each pair had the same letters or different
ones (ligwe discrimination). All volunteers and the patiem
received instructions and were allowed brief practice ses-
sions before the measurement.

Each epach consisted of a 500-msec prestimulus baseline
and a 1500-msec analysis period following stimulus de-
livery. One hundred fifty epochs of magnetic signals were
averaged and digitally filtered between 0.5 and 40 Hz. Sig-
nificant detlections of neuromagnetic tields were visually
identified on the basis of RMS fields containing more than
10 sensors in the frontotemporal or temporooccipitl re-
gions. Locations and dipole moments of equivalent cur-
rent dipoles were calculated every 2 msec for each selected
time period by using the single equivalemt dipole model.
Only dipoles with a correlation value greater than 0.9 be-
tween measured and calculated field disuibutions were ac-
cepled. To conlimm the calculated results, the same MEG
time periods were analyzed using one of the following: cur-
rent-density maps or LORETA (Curry; Neuroscan Labs,
Sterling, VA).

The estimated dipoles were converted into three-dimen-
sional MR images by identifying external anatomical fido-
ciary markers (nasion and left and right preauricular points).

Serial Changes in the Lexicosemantic MEG Studies

Preoperarive MEG Findings. The patient and healthy vol-
unteers could easily complete both tasks after a brief prac-
tice period. The mean reaction Ume and the percentage of
successiul task -perforniance of the patient were approx-
imately 800 msec and 92.3%, respectively. which were
within normal range (Table 1}. Figure 1 depicts the RMS
fields of the preoperative MEG study (thick black line) with

J. Newrosurg. ! Volume 100 [ June. 2004

the kama-reading task in the bilateral frontotemporal and
temporooccipital regions. Lale deflections peaking at ap-
proximately 350 msec were observed in both of the left
frontotemporzal and temporooccipital regions, Tn the contra-
lateral hemisphere ¢right frontotemporal and temporooccip-
itad regions), however, early and short-duration RMS peaks
were recorded approximately 250 msec after the stimula-
tion. In all 15 healthy volunteers, the late deflections were
predominantly observed in the left frontotemporal region
rather than in the right hemisphere. On the other hand. in the
temporooccipital region there was no late response in five
volunteers (33.3%), left-side dominance in seven (46,75 ).
and right-side dominance in three (20%.).

‘The figure discrimination task evoked only ewrly deflec-
tions (within 300 msec) in both hemispheres with no later
activation in the patient or any volunteer; therefore, we con-
sidered that the later responses in the left hemisphere might
be strongly related to the lexicosemantic processes in letter
perception on the basis of our preliminary results and pre-
vious reports.™

Figure 2 demonstrates the representative MEG sources
in two healthy volunteers. The left hemispheric responses
were mainly localized in the sttperior. middle temporal, and
supramarginal gyri (mean number of dipoles 122.4). In con-
wast, in the right henusphere there were far fewer numbers
of estimated dipoles (mean nunber of dipoles 32.4), Con-
cerning the location of the temporooccipital dipoles, it was
not common for the lefl inferior temporal region 1o have
predominantly mere dipoles than the right side. There was
no consistent dominance of temporooccipital dipoles be-
tween the hemispheres (Fig. 2).

Tn the patient, the estimated dipules of the lett frontotem-
poral response were mainly concentrated in the anterior
portion of the left superior and middle temporal gy (38 di-
poles) (Fig. 3A and B). Additionally, 102 dipoles of the left
temporooccipital responses were densely concentrated ad-
Jacent 1o the posterior border of the tumor in the fusilorm
gyrus (Fig. 3C and D), which was relatively strong com-
pared with the control data. The right frontotemporal and
temporoocipital responses of the patient were observed in
the right supramarginal gyrus and in the fusiform gyrus. re-
spectively. The 24 right-hemisphere dipoles did not reach
even one third of that of the left hemisphere, indicating lefi-
side dominance for the reading process in this patient. It
was notable that all 102 dipoles in the left hemisphere were
mainly jocated in the fusiform gyrus where the tumor in-
vaded. The LORETA analysis demonstrated two clusters of
stronger sources in the anterior portion of the left superior
temporal gyrus and the left fusiform, as did the single
equivalent dipole mode]. We reexamined the patient 4 days
after the first examination to confirm that the lexicoseman-
tic MEG should reveal the consistent results for preopera-
tive functional mapping. The second MEG examination
demonstrated that the left fusiform gyrus was extremely
active with the letter-reading task, just as the {irst examina-
tion had.

Postoperative MEG Findings. On the 10th day after sur-
gery. the patient could not complete the reading task due
scvere dyslexia. He was, (herefore, asked 10 look passively
at the presented letters, The most significant change on the
MEG study was that no signilicant résponses were detected
in the left henusphere (Fig. 1).
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FiG. 1. Four RMS protiles of lexicosemantic MEG responses during the lefter-reading task from the left (A) and right
{B) frontoteniporal regions and fron: the left (C) and right {D) temporooccipital regions. The teft fromoteruporal respon-
ses. which peaked at 400 msec, are markedly decreased in amplitude and the lefl temporooccipital responses became silent
after the resection. Note that the RMS profile from the lett frontoremporal region becomes approximagely 1.5 times high-
er in amnplitude 8 months ufter surgery, despite no changes in the bilateral tomporooccipital regions.

Three months after surgery, the patient’s reading skills
had improved and he could slowly read kana character by
character. His mean reaction time and rate of suceess were
approximately 1320 msec and 63.8%, respectively, which
remained worse than his performance preoperatively, Al-
though small RMS detlections appeared in the left fronto-
temporal region, peaking at approximately 420 msec (later
than the preoperative response), these responses were 100
small in amplitude to localize. There was no obvious de-
flection in the left temporooccipital region. In contrast o
the lefi hernisphere, the RMS profiles detected in the right
frontotermporal region were almost identical to the preoper-
ative MEG studies.

Eight months after surgery. the patient had recovered not-
ably [rom the dyslexia and could perform the reading task
with some effort. His mean reaction time and rate of success
were further improved. It is noteworthy that the amplitudes
of the lefl frontotemporal responses were more than 1.5
times higher than those of the preoperative responses. Ls-
timated dipoles of the lefi fromotemporal response were
mainly concentrated in the anterior portion of’ the superiar
and middle temporal gyri (78 dipoles) (Fig. 4) and showed
56.4 nAm of the mean dipole moment. which was 1.5 imes
stronger than that of the preoperative response (36.2 nAm),
The peak latency periods of the left frontotemporal respon-
sas, however, were still later than those measured preppera-
tively (at ~ 420 msec). The activities of the left temporooc-
cipital region remained guiescent. The right frontolemporal
region revealed a sharp RMS deflection with slightly high
amplitudes, peaking at 250 msec after the stimuli, The right
temporooceipital responses had been consistently peaking

1104

at approximately 250 msec with similar RMS amplitudes
throughow the serial MEG investigations, The right hemi-
sphere had 37 dipoles in the frontolemporal and temporouc-
cipital regions.

Discussion

The radical resection of the mesial emporal glioma in-
Jured the left fusiform gyrus, where the lexicosemantic
MEG dipoles were concentrated, and, as a result, caused se-
vere dyslexia. The patient’s impaired reading skills, howev-
er, were generally improved a year later. Tn the meantime
the spared left {rontotemporal region. which used 1o be one
of the semantic centers, produced an overshot recovery of
MEG responses. This finding indicates that MEG provides
a noninvasive method of identifying and visualizing the
Jexicosemantic centers used in the reading process. Tt is a
matter of course that the preoperative identification of elg-
quent cortices related to higher brain functions is beneficial
tor neurosurgical planning. Furthermore, it is scientitically
important that the sequential recovery of MEG signals on
repeaied studies be observed along with the patient’s clini-
cal recovery from dyslexia.

Although it is well known that right-handed patients with
left inferior temporal lesions suffer from impaired reading
skills, we empirically know that dyslexia may not appear in
1004 of these patients and that if it does. it sometimes is
improved later. Reseurchers who have performed PET stud-
ies in healthy volumteers have reported that visually present-
ed letters activate the bilateral superior temporal and poste-
rior inferior temporal regions as well as the Broca area.'™ "
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Fig. 2. Lexicosemuntic MEG dipole distributions in two healthy volunteers (Volunteers A and B}, Estimated dipoles of
late detlections in the frontotemporal regions are predominantdy concentrated in the teft hemisphere (107 dipoles in Vol-
unieer A and 90 in Volunteer B) compared with the right side (42 and 22 dipoles, respectively). The temporooccipital re-
2ions exhibit no late response (Volunteer A) and a right-side—dominunt dipole diswibution (45 dipoles in the right und four

dipoles in the lett hemispheres of Volunteer B).

Measurements of evoked potentials in patients with epilep-
sy have demonstrated responses at approximately 200 msec
(N20() on the cortices of the bilateral temporal base, in-
cluding the fusiform gyrus, after letter presentation,* 4 The
sole function of the fusiformt gyrus can barely be invesu-
gated using cortical stimulation, IMR imaging or PET scan-
ning, because of its anatomical characteristics (sniall size
and deep location) and the surrounding vascular structures
(the vein of Labbé and the basal veins of Rosenthal). The
tunctional role and dominance of the fusitorm gyrus. there-
fore, remain obscure.

Authors ol recent MEG studies performed in healthy vol-
unteers have found lexicosemantic activity in the tusiform
gyrus and the left superior temporal gyrus at approXimate-
ly 200 (eacly) and 400 (latey msec following letter presen-
tation, respectively.”™ Authors of these studies have em-
phasized that the fusiform gyrus as well as the left superior
temporal gyrus may principally contribute to reading pro-
cesses. Although the emporooccipital regions of normal
controls exhibited various dipole distributions, such as Iefi-
side dominance (46.7%:), right-side dominance (20%). and
no response (33.3%.) in our preliminary study, strong activa-
tion was especially demonstrated in the lefi fusiform gyrus
in our patent. On the basis of these results, the fusiform
gyrus of the dominant hemisphere plays an important role
for reading processes, but the funcuonal dominance of this
structure should be carefully investigated for each patient,

It is noteworthy that the patient’s dyslexia remarkably
improved until 8 months following resection of the fusi-
form gyrus in his dominant hemisphere. Previous PET and
IMRI imaging studies have indicated a possibility of corti-
cal reorganization in patients who display dramatic recov-
eries of wotor {unctions.* These studies have demonstrat-
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ed activations not only in the conualateral cortex, but also
in the ipsilateral sensorimotor cortex and in other cortical
regions, indicating the involvement of a widespread net-
work in the recovery process.? In our case, the lefl tempo-
rooccipital region became silemt on MEG following resec-

1. 3. Lexicosenmantic MEG dipole locations in the lefi fronto-
tempaoral (A and B) and left wmporooccipital regions (C and D) be-
fore surgery. The dipoles are concentrated in the anterivr portion of
the superior and middie temporal gyri (white riungles) and in the
fusiform gyrus white sguares), which contains the wmer,
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Fig. 4. Lexicosemantic MEG dipole locations in the left fron-
tolemporal (A and B) and temporooccipital regions (C and DY 8
muonths after surgery. The left frontotemporal dipoles are located in
the anterior purtion of the superior and middle temporal gyri: how-
ever, there are no dipoles in the left temporooceipital region, includ-
ing the fusiform gyrus.

tion, whereus the responses of the contralateral homologous
{right) temporcoccipital region constantly maintained the
same RMS profiles. The left frontotemporal region showed
a marked recovery in MEG amplitade, but the peak latency
period did not completely retum to its preoperative state.
Although we observed no compensatory activity or reorga-
nization in the ipsilateral temporooceipital region, the re-
sponses of the left frontolemporal region at § months alter
surgery became 1.5 times higher in amplitude than those
before surgery. The patient experienced ditficulty in reading
fetters after surgery and thus required more concentration
to perform the reading task, One should consider, at Teast in
part, that the spared left frontotemporal region might have
contributed to the patient’s recovery from dyslexia.

Our single equivalent dipole model provided a similar re-
sult (o those of previous reports™ 2! and is helpful for un-
derstanding the process of language perception. Neverthe-
less, it is critical to consider the responsibility of multiple
dipoles existing in the bilateral fusilorm gyrus or in other
regions, which may provide additional supplementary func-
tions 10 the reading process. The LORETA is one of the cur-
rently available density maps Lhat can potentially be used to
anatyze multiple sources in the electro- and magnetophysi-
ological fields.” It can separately localize two or three active
sources with different time courses. which the single dipole
model fails to localize, Because LORETA and the single di-
pole approach yield the same results. the source localization
of this study became more reliable. Furthermore, the resec-
tion of the fusiform gyrus that produced the active sources
resulted in severe dyslexia.

Although preliminary, this case study demonstrates that
MEG performed using the kana reading task can readily
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identify the semantic magnetic respunses and provide a
noninvasive means for analyzing functional brain structures
relating to letter perception. To our knowledge, this is the
first report in which a method has been introduced that can
be used 1o predict a risk for postoperative dyslexia and mon-
itor functional recovery from the symptom. This technique
can be applied to analyze other semantic processes and will
be a usefu} 1ool i the elucidation of the pathophysiology of
aphasia, dysphasia, and dyslexia
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Abstract. Little is known concerning promoters or gene
therapy specific for malignant glioma. To explore the potential
use of midkine promoter in gene therapy for malignant glioma,
we constructed a midkine promoter-based conditionally
_replicating adenovirus (Ad-MK). Midkine was overexpressed
in malignant glioma tissues but cyclooxygenase-2 was not. The
midkine promoter activity of the 600-bp fragment was 2 orders
of magnitude higher in midkine-positive glioma cells than in
midkine-negative primary normal brain cells. Ad-MK showed
strong oncolytic effects in midkine-positive glioma celis but
did not exhibit cytotoxicity in midkine-negative primary
normal brain cells. The cell-killing effect was evident in E3-
intact Ad-MK more than in E3-deleted Ad-MK. In an animal
experiment, Ad-MX completely eradicated midkine-positive
glioma xenografts. These findings indicate that midkine
promoter-based conditionally replicative adenovirus might be
a promising new modality of gene therapy for malignant
glioma.

Introduction

Malignant glioma is characterized by rapidly growing and
aggressively invasive neoplasm. Due to the lack of an effective
treatment, the median survival associated with this diagnosis
continues to be around 1 year (1), suggesting a pressing need
for novel therapeutic strategy. Gene therapy has shown promise
as a new approach for this malignancy, but the results of clinical
trials with replication-deficient viral vectors and suicide gene
therapy have been unsatisfactory with regard to therapeutic
outcome (2). The main reason for these disappointing results
is related to the limited spread of the vectors in the tumor mass.

Correspondence to: Dr Shohei Kohno, Department of Neuto-
surgery, Ehime University School of Medicine, Shitsukawa,
Shigenobu, COnsen-gun, Ehime 791-0295, Japan

E-mail: kouno@m.chime-u.ac.jp

Key words: midkine, cyclooxygenase-2, CRAd, glioma, gene
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The new therapeutic modality provided by oncolytic viro-
therapy with conditionally replicative adenovirus (CRAd) is
expected to advance the treatment of malignant glioma. The
strategy is replacement of adenovirus promoters with tumor-
specific promoters to control the expression of viral genes
essential for replication. The tumor-specific promoters allow
the expression of viral genes preferentially in cancer cells, so
that the virus only replicates in and kills those cells. Tumor-
specific promoters such as a-fetoprotein, prostate-specific
antigen, MUCI and cyclooxygenase-2 (cox-2) have been
widely used experimentally to drive viral genes expression
{3). However, an appropriate promoter for malignant glioma
has not yet been identified. We are interested in the gene
encoding midkine (MK), because it has been reported that
MK expression closely correlates to carcinogenesis (4). MK
is a heparin-binding growth factor identified as a product of a
retinoic acid-responsive gene, and promotes growth, survival,
migration and other activities of various cells. Overexpression
of MK has been observed in several types of malignant
neoplasms such as gastrointestinal cancer, ovarian cancer
and breast cancer (5,6). It has also been reported that MK
expression is elevated in malignant glioma, but not in normal
brain tissue (7). These findings indicate that MK promoter
might be a potential candidate for oncolytic gene therapy of
malignant glioma.

In the present study, we examined the potency of MK
promoter in a tumor-specific promoter-based replicative adeno-
virus constructed for oncolytic gene therapy of malignant
glioma. First, we determined the MK expression levels in
human glioma and normal brain tissues. Subsequently, we
evaluated the in vitro and in vivo antitumor effect of CRAd
in which expression of the EJ/A gene is driven by the MK
promoter.

Materials and methods

Surgical specimens, cell lines and cell culture. Human
specimens were surgically obtained from 12 glioblastomas
(WHO grade IV), 4 anaplastic astrocytomas (WHO grade I1I),
3 diffuse astrocytomas (WHO grade II) and 5 normal brain
tissues. Malignant glioma was defined as including glio-
blastoma and anaplastic astrocytoma. Primary normal brain
cells were established in our laboratory. The human malignant
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glioma cell line U87MG was obtained from the American Type
Culture Collection (Manassas, VA); U251MG and U373MG
were generously provided by Dr N. Arita (Hyogo College of
Medicine, Hyogo, Japan); and LN319 was generously provided
by Dr M. Tada (Hokkaido University School of Medicine,
Sapporo, Japan). Cells were maintained in DMEM with 10%
heat-inactivated fetal bovine serum. Cells were cultured at 37°C
in a humidified atmosphere containing 5% CQO,.

Real-time quantitative RT-PCR. RNA samples (100 ng) were
used in reverse transcription and real-time PCR for RNA
expression studies. The reaction was carried out with the ABIL
PRISM 7700 sequence detection system (Applied Biosystems,
Foster City, CA) in a total volume of 50 ul that contained
TaqMan one-step RT-PCR master-mix (Applied Bio-
systems), 0.3 uM of each forward and reverse primer, and
0.21 uM of TagMan probe. The forward and reverse primer
and TagMan probe were, respectively, 5-GCGCGCTACAA
TGCTCAGT-3', 5-TGGCTTTGGCCTTTGCTTT-3' and 5
CAGGAGACCATCCGCGTCACCAA-3 for MK, and 5'-
GGTTGCTGGTGGTAGGAATGTT-3', 5-CATAAAGCGT
TTGCGGTACTCA-3" and 5-CCGCAGTACAGAAAGTAT
CACAGGCTTC CA-3' for cox-2. The reaction was performed
with the following thermal cycling method: 30 min at 48°C
for reverse transcription, 5 min at 95°C for AmpliTag Gold
activation, 15 sec at 95°C and 60 sec at 60°C for 40 cycles.
GAPDH was chosen as a housekeeping gene to be tested as
an endogenous control,

Western blot analysis. Cell lysate protein (10 pg) from each
sample was subjected to 13.5% SDS-Tris glycerine gel electro-
phoresis and was then transferred to a polyvinylidene difluoride
membrane (Bio-Rad Laboratories, Hercules, CA). Membranes
were incubated with primary antibodies, rabbit anti-human
MK monoclonal antibody generously provided by Dr H.
Shimada (Chiba University Graduation School of Medicine,
Chiba, Japan), rabbit anti-adenovirus-2 E1A polyclonal
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and
human anti-B-actin monoclonal antibody (Sigma-Aldrich
Fine Chemical, St. Louis, MQ). Membranes were also
incubated with secondary antibodies, horseradish peroxidase-
conjugated sheep anti-rabbit IgG (Dako, Glostrup, Denmark)
and horseradish peroxidase-conjugated sheep antimouse [gG
(Amersham, Piscataway, NJ).

Assay for MK promoter activity. The MK promoter of 600 bp
(-562/33) or 2300 bp (-2285/33) in length, was cloned into the
pGL3-basic vector (Promega, Madison, WI), which contained
the firefly uciferase gene. Both DNA fragments were trans-
fected into target cells with DOTAP Liposomal Trans-
fection Reagent (Roche Molecular Biochemicals, Mannheim,
Germany). Dual luciferase assays were performed according
to the manufacturer's protocol (Promega). Luciferase activity
in each plasmid was evaluated as the ratio to activity in the
control plasmid (pGL3-SV40) driven by the SV40 enhancer/
promoter.

Construction of the adenovirus vector. The replication-
competent Ad-MK including the adenoviral EJA region
under the control of human MK promoter containing 600 bp

or 2300 bp of the 5'-flanking region of the human MK gene was
constructed, The pXC1 plasmid has adenovirus 5 sequences
from 22 to 5790 bp containing the E/ gene (Microbix Bio-
systems Inc., Toronto, Ontario, Canada). The 492-552 bp
region of pXCl was deleted to obtain pXC1-491. The MK
promoter was ligated to pXC1-491 plasmid to obtain pXCl-
MEK. To construct the Ad-MK, homologous recombination was
performed between pXC1-MK plasmid and the right hand
side of pPBHGE3 adenovirus DNA with the E3 region and
pBHGI0 adenovirus DNA without the EJ region in 293 cells
by standard techniques (8). Wild-type adenovirus (Ad-Wild)
and the El-deleted AACMYV-LacZ virus were constructed as
previously described (9). All of the viruses were purified
with double cesium chloride gradients using standard method.
Serial dilutions of viruses were plated on 293 cells for plaque
assay, and the titer was expressed as plaque forming unit
(pfu)/ml (multiplicity of infection, m.o.i.).

Cell count assay. A total of 3000 cells were plated in 12-well
plates, and after 24 h, were infected with Ad-MK600, Ad-
MK2300, Ad-Wild or AACMV-LacZ viral control. Culture
medium zlone was used as a mock-infection control. Ten days
after infection, IC;, was determined by counting the number of
viable cells after staining with Trypan-blue.

Animal experiment. Nude mice 5-6 weeks of age were
purchased from Charles River Laboratories (Tsukuba,
Japan). Ten million each of U87MG and U373MG cells were
inoculated s.c. into the flanks of mice in 200 pul of DMEM.
The tumor growth was assessed by measuring bidimensional
diameters every 3 days with calipers. The tumor volume was
determined by using the simplified formula of rotational
ellipse (1 x width? x 0.5). When the tumor reached a volume
of approximately 100 mm?, animals were randomly assigned
to treatment groups. Animals were treated with a single
intratumoral injection of adenovirus at 1x10° pfu suspended
in 100 pl of PBS. Each treatment group consisted of 5 animals.

Resuits

MK and Cox-2 gene expression in glioma tissues and cell lines.
To measure the mRNA levels of the MK and cox-2 gene, we
performed real-time quantitative RT-PCR. We demonstrated
the mRNA expression level of the MK and cox-2 gene of
each sample relative to that of GAPDH (Fig. 1), As shown in
Table I, MK mRNA expression of malignant glioma tissues
(glioblastoma and anaplastic astrocytoma) was 12 times that
of diffuse astrocytoma (P<0.05, unpaired t-test) and 40 times
that of normal brain tissues (P<0.01, unpaired t-test). However,
cox-2 gene expression did not significantly differ among the
glioma samples and normal brain tissues. In diffuse astro-
cytomas and normal brain tissues, there was not significant
difference between MK and cox-2 mRNA expression. However,
in malignant glioma tissues, mRNA expression of MK was
4 times that of cox-2 (P<0.01, paired t-test).

To determine MK gene and protein expression in human
glioma cell lines and primary normal brain cells, we performed
real-time quantitative RT-PCR and Western blot analysis.
The microscopic observation revealed that primary normal
brain cells mainly consisted of glial cells, We determined the
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Figure 1. Expression of human MK and cox-2 mRNA in glioma and normal
brain tissues. Real-time quantitative RT-PCR was carried out to detect (A)
MK or (B) cox-2 mRNA expression in 12 glioblastomas, 4 anaplastic
astrocytomas, 3 diffuse astrocytomas and 5 normal brain tissues,

Table 1. Midkine and cox-2 expression in human glioma.

Tissue specimens  (n) Midkine mRNA®* Cox-2 mRNA®

Malignant glioma 16  0.858510.544 (.2258+0.378
(Glioblastoma +
Anaplastic

astrocyloma)

Diffuse 3
astrocytoma

0.072210.028 0.0210+0.008

Normal brain 5  0.021410.004 0.057810.032

tissue

3All values are expressed as the mean £ SD

mRNA expression level of the MK gene of each sample
relative to that of primary normal brain cells after adjusting
all samples for GAPDH gene expression. The mean value of
MK mRNA of U25IMG, LN319 and U373MG was 60 times
that of US7TMG (P<0.001, unpaired t-test) and 142 times that of
primary normal brain cells (P<0.001, unpaired t-test; Fig. 2A).
U25IMG, LN319 and U373MG cells strongly expressed MK
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Figure 2. Expression of human MK. (A), MK mRNA expression of the glioma
cell lines (USTMG, U251MG, LN319 and U373MG) and primary normal
brain cells. The expression levels were determined by real-time quantitative
RT-PCR. Bars, means + SDy; {B), Western blot analysis used to assay MK
protein expression in the glioma and primary normal brain cells. Top pane!
shows the MK protein (16 kDa), and the B-actin control is shown in the
bottom panel.

protein, whereas primary normal brain cells and U87TMG
did not (Fig. 2B). Therefore, we proceeded with subsequent
experiments using U251MG, LN319 and U373MG as MK-
positive cells, and U87MG and primary normal brain cells as
MK-negative cells.

Transcriptional activity of MK promoter in glioma cell lines
and primary normal brain cells. To compare the trans-
criptional activity of human MK promoter between MK-
positive and negative cells, MK promoter activity was
estimated with $V40 promoter activity designated as 1 (Fig. 3).
The promoter activity of the 600-bp fragment of the MK gene
positively correlated with expression levels of MK mRNA
(r=0.9; P<0.003, Pearson's correlation coefficient) and MK
protein {r=0.9; P<0.005, Pearson's correlation coefficient).
The transcriptional activity of the 600-bp fragment of the MK
promoter in MK-positive glioma cells was 105 times that
in primary normal brain cells (P<0.05, unpaired t-test) and
26 times that in U§7MG (P<0.05, unpaired t-test). Moreover,
transcriptional activity of pGL3-MK600 was 1.5 times that of
pGL3-MK2300 in MK-positive cells (P<0.05, paired t-test),
suggesting the presence of a negative regulatory element in
the region from -2285 to -562 bp.

Selectivity of Ad-MK to adenovirus E1A expression in glioma
cells. To confirm the activity and selectivity of Ad-MK on E1A



