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Abstract

Background: In vivo, water diffusion displays directionality due to presence of complex
microstructural barriers in tissue. The extent of directionality of water diffusion can be expressed
as a fractional anisotropy (FA) value using diffusion tensor magnetic resonance imaging (DTI). The
FA value has been suggested as an indicator of the cell density of astrocytic tumors. The aim of the
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 patient 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 stereotactic 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 indices was also evaluated.

Results: The mean FA value significantly differed between normal brain regions and glioblastoma
lesions. Positive correlation was observed between FA value and cell density (» = 0.73, P <0.05) and
between FA value and MIB-1 index (r = 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, cell membranes, and/or capillary vessels, and
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consequently the change in magnitude and directionality of
water diffusion arises 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 recently become available for
visualization of cerebral fiber tracts [26] and demonstration
of substantial differences 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]:
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where Ay, Ao, and A3 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 implies 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 values 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 glioblastomas alone.

2. Materials 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) patients
whose tumor was primarily in the cerebral white matter,
except for the basal ganglia, corpus callosum, ventricle, and

brain stem; (C) patients who received routine 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 stercotactic 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 patients, parietal 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
applied 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,
Buc, 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 placed on a ring-
enhancing region of the tumor containing more
metabolically active sites than the central region (Fig. 1A).
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 contralateral frontal lobe when the tumor was
situated in the parietal 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 ROI in a patient with glioblastoma of the right parietal lobe. A, Gadolinium-enhanced T1-weighted MR image. Circle, ROI within a ring-
cnhancing lesion of the tumor. B, The coregistered FA maps from DTI. The ROI 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
I investigator (TI).

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
ROT 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 these patients, a silicon tube was left in the intracerebral
trajectory made by the biopsy and was then used as a guide
for tumor localization during tumor resection.

After biopsy, specimens were immediately fixed in 30%
formalin for 24 hours at room temperature and then
cmbedded in paraffin. Each paraffin block was cut into 6-
um-thick serial scctions that were used for hematoxylin and
cosin 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 um per side under 200 X
magnification. Ki-67 was immunchistochemically detccted
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
callosum, 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
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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. Correlation 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), whereas
correlation 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 mean 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
value and MIB-! index (# = 0.80, P < 0.05; Fig. 3A, C),
whereas there was moderate correlation between cell density
and MIB-1 index (» = 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
frontal 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 correlated 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 displacement, 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, correlation
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 correlation
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 tissue 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, decreased 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 extracellular space, which accelerates water
diffusion due to encroachment by tumor cells, and/or an
increased intracellular viscosity [5,22]. Similarly, we
speculate that 1 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 direction-
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 direc-
tionality of water diffusion and alter FA values was not
explored. 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 around 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 value with cell density
and proliferation activity is required for each tumor using a
study group limited to | 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 proliferation activity,
although the sample size of the present study was small.
Measurement 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 tool 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 glioblastomas are invasive tumors that
significantly disrupt normal fiber tracts. Although the study
has relatively few patients, the techniques are quite
demanding and therefore worthwhile reading. This is a
valuable addition to the literature of neurosurgical oncology
to decide whether surgery should be done.

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

Boston, MA 02115, USA
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Clinical Study

Utility of three-dimensional anisotropy contrast magnetic resonance axonography
for determining condition of the pyramidal tract in glioblastoma patients with
hemiparesis
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Summary

Background and purpose: Three-dimensional anisotropy contrast magnetic resonance axonography (3DAC) is a
technique for diffusion weighted magnetic resonance imaging (DWI) that offers reliable visualization of the pyra-
midal tracts. This study evaluated condition of the pyramidal tract using 3DAC in glioblastoma patients with
hemiparesis. Methods: In 18 glioblastoma patients before surgery, 3DAC findings of the pyramidal tract respon-
sible for hemiparesis were compared with finding from proton density-weighted imaging (PDWI). To estimate
extent of pyramidal tract destruction, fractional anisotropy (FA) values using diffusion tensor magnetic resonance
imaging were examined for both the responsible and non-pathological pyramidal tracts. Results: In all five patients
for whom PDWI indicated no hyperintense foci in the responsible pyramidal tract, 3DAC demonstrated no change
in color. When PDWI revealed hyperintense foci, 3DAC showed two types of findings: no color change (five
patients); or obscured dark area (six patients). When 3DAC showed a dark area, mean FA value in the responsible
tract was significantly lower than that for the non-pathological tract. Conclusion: When PDWI indicates hyper-
intense foci on the pyramidal tract, 3DAC allows prediction of pyramidal tract condition, such as large tumor

invasion.

Introduction

Developments in neuroimaging technology have en-
abled accurate preoperative evaluation of cerebral cor-
tical function and integrity [1-5]. Evaluation of
subcortical integrity is also necessary prior to surgery, as
functional recovery after surgery may be limited by
previous subcortical injury [6,7]. For example, decisions
regarding surgical approach and predictions of individ-
ual performance status after surgery vary according to
the cause of subcortical functional disorder, such as
compression, invasion, or disruption of the subcortical
tracts by glioma.

Diffusion-weighted imaging (DWI) and diffusion
tensor imaging (DTI) are magnetic resonance imaging
(MRI) techniques that provide quantitative information
about the magnitude and direction of water diffusion,
respectively, in a three-dimensional space. These tech-
niques offer some advantages for evaluating subcortical
structures comprising white matter tracts, since diffusion
of water parallel to nerve fibers is less restricted than
water diffusion perpendicular to the fibers [8—10]. Using
DWTI and DTI, the corticospinal tracts can be visualized
as ‘tractography’ [11-16]. Three-dimensional anisotropy
contrast magnetic resonance axonography (3DAC)
using DWI is one method of tractography, and repre-
sents a reliable technique for visualizing anisotropic
diffusion through nerve fibers [17,18]. Of the cerebral
white matter nerve fiber tracts, the pyramidal tract is
particularly suitable for 3DAC [18]. Currently, 3DAC

allows clinical estimation of pyramidal tract status in
patients with cerebral infarction or brain tumor
[14,15,19,20]. In patients with glioma, tractography
provides information on the localization of tumor bulk
relative to the pyramidal tract. This useful information
has been utilized in the field of brain tumor surgery [21-
24]. When a tumor attaches to the pyramidal tract in a
patient with hemiparesis, information on condition of
the pyramidal tract adjacent to the tumor, such as
compression, invasion or disruption by the tumor, is
often desired for glioma resection. If 3DAC could pro-
vide not only information on localization of tumor bulk
and the pyramidal tract, but also condition of the
pyramidal tract, 3DAC would become even more useful
for neuro-oncologists.

Proton density-weighted imaging (PDWI) on con-
ventional MRI can obtain a high contrast between gray
and white matter, and is used for visualization of the
corticospinal tracts [25]. We compared PDWI findings
in the pyramidal tract responsible for hemiparesis with
findings from 3DAC. Furthermore, fractional anisot-
ropy (FA) value was measured to estimate extent of the
pyramidal tract destruction. FA value from DTI pro-
vides the best quantitative information regarding degree
of directionality of water diffusion, and can thus indi-
cate degree of nerve fiber destruction [16,26,27]. The
present study aimed to determine the utility of 3DAC
for estimating condition of the pyramidal tracts in pa-
tients with hemiparesis due to glioblastoma, and to de-
fine patient subgroups that would benefit from 3DAC.
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Methods
Patients and clinical course

The study protocol was approved by the Ethics Com-
mittee of Iwate Medical University, Morioka, Japan.
Patients recruited to this study were admitted to the
Department of Neurosurgery at Iwate Medical Univer-
sity between September 2000 and March 2004. Entry
criteria for this study were: adult (20 years old) patients
who had been diagnosed with supratentorial glioblas-
toma mainly sited in the cerebral white matter excluding
the primary motor cortex and brain stem; patients who
presented with hemiparesis due to motor-related disor-
der of the pyramidal tract; and provision of written in-
formed consent to participate. Diagnosis of glioblastoma
was based on histological features of surgical specimens
obtained after processing all image analyses. Patient data
are summarized in Table 1. Subjects comprised 18 pa-
tients (six males, 12 females) with a mean age of
58.5 years (range, 31-77 years). Twelve patients were
treated using either total or subtotal tumor removal, and
six patients underwent only biopsy. Extent of hemipa-
resis before and after surgery was evaluated for the arm,
finger and foot of each patient using Bruunstrom’s
grading system [28]. This system utilizes six stages, with
stage 1 equal to severe hemiplegia and stage 6 repre-
senting basically normal strength. The lowest stage from
the arm, finger or foot was used to define degree of
hemiparesis for each patient. All patients underwent
radiochemotherapy starting from 2 weeks after surgery.
Postoperative hemiparesis was evaluated immediately
before starting radiochemotherapy. Hemipareses before
and after surgery were compared statistically. Values of
P < 0.05 were considered statistically significant.

Conventional MRI

Conventional MRI was performed within 7 days before
surgery. All patients underwent fast spin-echo PDWI

Table 1. Patient characteristics

and T2-weighted imaging (WI), and conventional spin-
echo non-enhanced and gadolinium-enhanced T1-WI
(Gd-TIWI) prior to DWI. Conventional MRI was
performed using a 1.5-T whole body scanner (GE Yo-
kogawa Medical Systems, Tokyo, Japan) and standard
head coil. The pyramidal tract nearest the tumor on
PDWTI was defined as the tract responsible for hemipa-
resis. Estimations of the responsible tract using con-
ventional MRI were performed using the criteria
outlined below. Responsible tracts were classified into
three groups according to PDWI: (1) ‘clear’ group in
which tracts were clearly visualized without hyperin-
tense foci; (2) ‘hyperintense’.group in which tracts dis-
played hyperintense foci; and (3) ‘absent’ group in which
tracts could not be observed due to heavy compression
or involvement with a large tumor. Observation in the
responsible tract was performed at a region without
enhancement on Gd-TIWI.

Imaging by 3DAC

All 3DAC scans were performed within 7 days before
surgery. DWI scans were performed using a 3.0-T MRI
system (Signa VH/I; GE Medical Systems, Milwaukee,
WI, USA) using a standard head coil. A spin echo-type
echo planar imaging sequence with diffusion gradients
applied in three directions was used for DWI (repetition
time (TR), 8000 ms; echo time (TE), 93 ms; matrix
128 x 128; field of view (FOV), 240 x 240 mm; 5 mm
thickness; b factors, 1000 s/mm?). The 3DAC image
analysis after processing was performed in accordance
with the methods described by Inoue et al. [19,20].
Images obtained using left-right, anterior-posterior and
superior-inferior diffusion gradients were first trans-
formed into grayscale levels, then color-coded using red,
green, and blue, respectively. Colored images were then
composited into a single colored image. Identical
intensities of three colors, indicating isotropic diffusion,
combined on images to appear as cancellation (white-
out). In contrast, non-identical intensities of the three

Case Age/Sex Tumor site Hemiparesis Pre-op  Procedure Hemiparesis Post-op
1 771 F Lateral ventricle 3 biopsy 3
2 70 M Corpus callosum 5 biopsy 5
3 70M Corpus callosum 4 biopsy 2
4 69 F Parietal lobe 2 total 5
5 67 F Parietal lobe 5 total 5
6 67 F Parietal lobe 5 total 5
7 66 F Frontal lobe 5 total 4
8 65 M Parietal lobe 3 total 3
9 64 F Basal ganglia 3 biopsy 2
10 64 M Parietal lobe 5 total 5
11 63 M Temporal lobe 5 total 5
12 63 F Frontal lobe 5 total 6
13 56 F Frontal lobe 4 biopsy 4
14 54 F Frontal lobe 5 total 4
15 47 M Temporal lobe 5 total 6
16 44 F Corpus callosum 3 biopsy 2
17 41 F Thalamus 5 subtotal 6
18 31 F Frontal lobe 1 subtotal 5

Total, total removal; Subtotal, subtotal removal; Pre-op, preoperative; Post- op, postoperative.



colors, which are indicative of anisotropic diffusion,
appear as the color showing the greatest strength and
direction of the diffusion gradient. Thus, nerve fibers
running left-right (x-axis), anterior-posterior (y-axis)
and superior-inferior (z-axis) appear as green, blue and
red, respectively. Mixed colors indicate oblique orien-
tation of nerve fibers.

On 3DAC images, the same region of the pyramidal
tract as the responsible tract defined on PDWI was
observed in all patients, and patients were classified into
three groups: (1) ‘fine’ group, in which the tract was
observed without any change in color, compared with
the pyramidal tract on the contralateral side of the same
slice; (2) ‘dark’ group, in which color of the tract was
obscure and dark; and (3) ‘absent’ group, in which tract
could not be observed due to strong compression or
involvement with a large tumor bulk.

FA value

DTI was performed using a 3.0-T MRI system (Signa
VH/1; GE Medical Systems) with a standard head coil.
A spin echo type echo planar imaging sequence with
diffusion gradients applied in six directions was used for
DTI (TR, 10,000 ms; TE, 84 ms; matrix, 256.x 260;
FOV, 240 mmz; 6 mm thickness, 2 mm gap; b factors,
800 s/mm?). All patients also underwent conventional
spin echo T1- and T2-WI prior to DTI, and TIWI with
contrast medium after DTI. All image analyses after
processing were performed on a scanner console using a
subprogram of the Functool™ image analysis software
(General Electric Medical Systems, Buc, France).

The FA values were measured at pyramidal tracts of
the pathological and non-pathological sides. Regions of
interest (ROI) were placed at the same region of the
pyramidal tract as the responsible tract estimated on
PDWI and 3DAC, and at the symmetrical region on the
pyramidal tract of the non-pathological side. ROIs were
automatically transferred onto co-registered FA maps

Table 2: Findings of PDWI, 3DAC and FA
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constructed from DTI. FA values were then calculated
for each patient using the modified Functool image
analysis software. FA value was identified as the mean
of values derived for every pixel in a given ROI. Sta-
tistical significance was established at the P < 0.05 level
in all analyses.

Results
Findings of PDWI and 3DAC (Table 2)

The tract responsible for hemiparesis was the corona
radiata in 14 patients, and the internal capsule in four
patients. On PDWI, the finding of ‘clear’ in the
responsible tract was observed in five patients.
Responsible tracts in 11 patients revealed findings of
‘hyperintense’. On 3DAC, the responsible tract was
‘fine’ in 10 patients and ‘dark’ in six. The tract in two
patients displayed findings of ‘absent’ for both PDWI
and 3DAC. All patients for whom PDWI showed find-
ings of ‘clear’ demonstrated finding of ‘fine’ on 3DAC.
When PDWI showed ‘hyperintense’, 3DAC demon-
strated either ‘fine’ or ‘dark’. As a result, patients could
be classified into four groups (Table 2): Group A, ‘clear’
on PDWI and ‘fine’ on 3DAC (r = 5, 28%); Group B,
‘hyperintense’ on PDWI and ‘fine’ on 3DAC (n= 35,
28%y); Group C, ‘hyperintense’ on PDWI and ‘dark’ on
3DAC (n =6, 33%); and Group D, ‘absent’ on both
procedures (n = 2, 11%).

Hlustrative cases

Case 17 — Group A: The internal capsule was the tract
responsible for hemiparesis, revealing ‘clear’ findings
without hyperintense foci on PDWI, and ‘fine” without
any change in color compared to the contralateral side
on 3DAC (Figure la—).

Case Responsible tract PDWI 3 DAC Group FA value
Non-pathological  Responsible tract
tract

1 Corona radiata Hyperintense Fine B 0.76 0.61

2 Corona radiata Hyperintense Dark C 0.82 0.65

3 Corona radiata Hyperintense Dark C 0.50 0.17

4 Corona radiata Hyperintense Fine B 0.58 0.38

5 Corona radiata Clear Fine A 0.57 0.54

6 Corona radiata Hyperintense Fine B 0.52 0.45

7 Corona radiata Hyperintense Dark C 0.69 0.23

8 Corona radiata Hyperintense Dark C 0.65 0.36

9 Internal capsule Hyperintense Dark C 0.56 0.39

10 Corona radiata Hyperintense Fine B 0.62 0.66

11 Internal capsule Clear Fine A 0.68 0.64

12 Corona radiata Absent Absent D 0.77 0.53

I3 Corona radiata Clear Fine A 0.77 0.73

14 Corona radiata Hyperintense Dark C 0.62 0.26

15 Internal capsule Clear Fine A 0.65 0.67

16 Corona radiata Hyperintense Fine B 0.67 0.65

17 Internal capsule Clear Fine A 0.62 0.55

18 Corona radiata Absent Absent D 0.49 0.46
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Case 10 — Group B: In this case, the corona radiata
was the responsible tract, displaying findings of ‘hyper-
intense’ on PDWI, and ‘fine’ on 3DAC (Figures 2a—c).

Case 7 — Group C: The corona radiata was the
responsible tract, displaying findings of ‘hyperintense’ on
PDWI, and ‘dark’ on 3DAC (Figure 3a—c). The patient
underwent gross total removal of tumor bulk. Gd-TIWI
at 3 months after surgery revealed a recurrent lesion in the
same region as the slight dark lesion on initial 3DAC
(Figure 4a), and 3DAC identified a black lesion in
the area corresponding to the Gd-enhanced lesion
(Figure 4b).

Case 18 — Group D: The corona radiata was the
responsible tract, but could not be observed on either
PDWI or 3DAC (Figure 5a-c).

FA value

Mean FA value of the pyramidal tract on the non-
pathological side was 0.64 £ 0.10 (range, 0.49-0.77). In
the responsible tracts, FA value ranged widely from 0.17
to 0.73 (Table 2). Comparison between FA values of
non-pathological tract and responsible tract for each
group was performed using paired ¢-tests. No significant

Figure I. Conventional MRI and 3DAC in Case 17. (a) Gd-TIWI demonstrates glioblastoma situated in the right thalamus. (b) PDWI clearly
shows the internal capsule as the tract responsible for hemiparesis, ipsilateral to the tumor (arrow). (c) Internal capsule is shown on 3DAC by

absence of color change compared to contralateral side (arrow).

Figure 2. Conventional MRI and 3DAC in Case 10. (a) Gd-T1WI demonstrates a cystic-shaped glioblastoma situated in the right parietal lobe.
(b) PDWI shows a hyperintense focus in the corona radiata as the responsible tract (arrow), and subcortical white matter surrounding the tumor,
suggesting a perifocal edema (arrowhead). (¢) 3DAC demonstrates no change in color for both corona radiata (arrow) and subcortical white
matter surrounding the tumor, corresponding to a hyperintense focus on PDWI (arrowhead). Fluid within the cystic lesion is shown as an area of

whiteout, as is cerebrospinal fluid within the lateral ventricle.

Figure 3. Conventional MR and 3DAC in Case 7. (a) Gd-T1WI shows glioblastoma situated in the left frontal lobe. (b) PDWI demonstrates
hyperintense foci, with corona radiata behind the tumor bulk (arrow), as the responsible tract, and subcortical white matter surrounding the
tumor bulk (arrowhead). (¢) 3DAC demonstrates slight darkness on the corona radiata (arrow), whereas white matter surrounding the tumor
bulk displays faint coloration (arrowhead). The tumor bulk is darker than the responsible tract.
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(b)

Figure 4. Conventional MR1 and 3DAC of Case 7 at recurrence. (a) Gd-T I WI shows markedly enhanced mass suggesting recurrent glioblastoma
in the anterior corona radiata, corresponding to the slightly darkened area in Figure 3C (arrow). (b) Recurrent glioblastoma shown as

enhancement on Gd-TIWI appears black on 3DAC (arrow).

differences were found in Group A, B or D, whereas FA
value was significantly lower for the responsible tract
than for the non-pathological tract in Group C
(Table 3).

Estimations of hemiparesis

Degree of preoperative hemiparesis varied from stage 4
to S in Group A, stage 2 to 5 in Group B, stage 3 to 5 in
Group C and stage 1 to 5 in Group D (Table 1). Al-
though hemiparesis before surgery tended to be more
likely to be mild in Group A than in the other groups,
no significant differences were identified between groups
when hemiparesis was compared using the Kruskal-
Wallis test (P = 0.5). In addition, no significant differ-
ences in postoperative hemiparesis among the four
groups were identified using the Kruskal-Wallis test
(P = 0.07). When limited to 12 patients who underwent
cither total or subtotal removal, improvement of hemi-
paresis after surgery was seen in two of the four patients
in Group A, one of the three patients in Group B and all
two patients in Group D. Hemiparesis did not deterio-
rate in any patient after surgery in these three groups. In

contrast, no patients in Group C experienced improved
hemiparesis after surgical intervention, and deteriora-
tion was observed in two of the three patients. Never-
theless, no significant differences in frequency of
improvement were identified among the four groups
using the y? test for independence (P = 0.16). In the
same 12 patients mentioned above, degree of hemipa-
resis before and after surgery was compared between
seven patients in Group A or B and three patients in
Group C, using the Mann-Whitney U-test. No signifi-
cant difference in degree of hemiparesis before surgery
was identified between Group A /B and Group C

Table 3: Comparison of FA values between non-pathological and
responsible tracts for each group

Group FA value (mean = SD)

Non-pathological tract Responsible tract P
A 0.66 £ 0.08 0.63 + 0.08 0.09
B 0.63 + 0.09 0.55 £ 0.13 0.14
C 0.64 + 0.11 0.34 £ 0.17 0.01
D 0.63 + 0.20 0.50 £ 0.05 0.42

Figure 5. MR images and 3DAC in Case 18. (A) Gd-T1WI shows a huge glioblastoma in the right frontal lobe. Neither PDWI (B) nor 3DAC (C)
revealthe corona radiata, due to the presence of a huge tumor. Whether the corona radiata was not apparent due to heavy compression or

invasion of tumor bulk was unclear.
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(P = 0.7), while degree of hemiparesis after surgery in
Group A/B was significantly milder than in Group C
(P =0.02).

Discussion

In the present study, 3DAC allowed clear depiction of
the pyramidal tracts of the non-pathological side in all
patients. These findings confirm previous reports that
3DAC offers a reliable technique for visualizing the
pyramidal tracts [18,20]. The 3DAC demonstrated
various findings in responsible pyramidal tracts. When
PDWTI clearly showed the responsible tracts without
hyperintense foci, 3DAC findings also demonstrated
fine detail of the responsible tracts without any change
in color, as with Case 17 in Group A (Figure la—<).
Furthermore, all patients in Group A presented with
mild preoperative hemiparesis of stage 4 or 5, although
no significant difference between degree of preoperative
hemiparesis in Group A and the other groups was
noted. When symptoms appear due to expansion of
glioma, the more malignant peripheral areas of the
tumor invade into dense fibers, such as the pyramidal
tract. The tumor initially grows faster in one direction,
as a result of fiber density, and disrupts the fibers in
the next stage {29]. Results of PDWI, 3DAC and de-
gree of hemiparesis suggest that pyramidal tracts in
Group A patients did not appear to be disrupted by
tumor, even if invasion to the pyramidal tract had
occurred. The finding that mean FA value of the
responsible tract for Group A did not differ signifi-
cantly from that of the contralateral side might support
this possibility that the tract is not disrupted (Table 3).
Thus, 3DAC might not offer any advantages for
evaluating condition of the pyramidal tract in patients
for whom the responsible tract can be clearly visualized
on PDWIL.

When PDWI showed hyperintense foci in the
responsible pyramidal tract, 3DAC demonstrated the
responsible tract either as showing no change of color
compared with the contralateral side, such as Case 10
in Group B (Figure 2¢), or as showing darkness, like
Case 7 in Group C (Figure 3c). Findings of obscured,
dark areas in the pyramidal tract on 3DAC have been
observed in patients with cerebral infarction. Cyto-
toxic edema, axonal swelling and Wallerian degener-
ation, all of which are seen in ischemic lesions and
diffuse axonal injuries [30-32], have been suggested as
hindering water diffusion, thereby creating darkened
areas in the pyramidal tract on 3DAC [20,33]. In
contrast, most edema surrounding a tumor, which
predominantly comprises extracellular edema, should
isotropically- accelerate water diffusion, as extracellular
edema leads to increased amounts of interstitial water
[34,35]. The present study suggests that widespread
hyperintense foci surrounding a tumor on PDWI re-
sult from extracellular edema rather than tumor
invasion, as either no or only faint color change was
apparent on 3DAC (Figures 2¢ and 3c, arrowheads).
High cellular and/or nuclear densities have been rec-
ognized a factor hindering water diffusion [36-38]. In

fact, tumor bulks displaying high cellular density are
shown as areas of darkness on 3DAC in the present
study. Conversely, we believe that darkened regions in
the responsible tract of patients with glioblastoma
resulted from a large obstruction to water diffusion
due to invasion by tumor cells. Mean FA of the
responsible tract for Group C was significantly de-
creased from that of the non-pathological side (Ta-
ble 3). This finding does not directly indicate high
cellular density, but suggests that the responsible tract
has been largely destroyed by tumor invasion. As
shown in Case 7, a dark lesion progressed on 3DAC,
corresponding to a finely enhanced recurrent mass on
Gd-TIWI (Figure 4a, b). This observation might also
support our hypothesis that a darkened area on
3DAC is induced by tumor invasion. Furthermore,
this finding suggests that 3DAC can predict infiltra-
tion of tumor cells into the pyramidal tract earlier
than Gd-T1WI can. However, the responsible tract in
Group B patients displayed coloration without dark-
ness on 3DAC. No significant difference in mean FA
existed between the responsible and non-pathological
tracts, although mean FA of the responsible tract
tended to be slightly lower than that of the non-
pathological tract (Table 3). These findings suggest
that the responsible tract in Group B patients was not
heavily invaded or destroyed by tumor, unlike Group
C. The finding of improved hemiparesis after mass
reduction in one patient in Group B, compared to no
patients in Group C, might support our speculation. If
a hyperintense focus surrounding glioblastoma spreads
to the pyramidal tract in conventional MRI on pa-
tients with hemiparesis, clinicians would hesitate over
whether the pyramidal tract has been disrupted by
tumor invasion. Degree of hemiparesis might not offer
a predictor of pyramidal tract condition, because de-
gree of hemiparesis before surgery did not differ sig-
nificantly among the four groups. We believe that
3DAC may prove useful for examining hyperintense
foci surrounding glioblastoma that have spread to the
pyramidal tract on PDWI.

In Group D, we were unable to speculate on the
condition of the responsible tract, as the tract was ab-
sent on 3DAC. FA value and improvement of hemipa-
resis after a mass reduction may lead to the speculation
that the responsible tracts in Group D patients have not
been largely destroyed by tumor invasion. However,
3DAC does not offer a predictor of pyramidal tract
condition when the tract is not observed such as in
Group D.

The present study is limited with regard to interpre-
tations of 3DAC images. We did not undertake histo-
logical observations of responsible pyramidal tracts, and
thus the amount of tumor cell invasion required for the
responsible tract to become abnormally dark as in
Group C remains unclear. If we assume that the
responsible tracts of both Groups A and B were invaded
by tumor cells, a greater degree of invasion may be
present in Group B than in Group A, as PDWI revealed
hyperintense foci in Group B. Again, the real differences
causing these varying results remain unclear. Histolog-
ical investigations into correlations between degrees of



cellular density, fiver destruction, hyperintensity on
PDWTI and color on 3DAC are warranted.

Conclusion

No previous reports have revealed that 3DAC findings
allow suggestions as to the status of the pyramidal tract
adjacent to glioblastoma. Our findings suggest that
3DAC imaging is useful for evaluating condition of the
pyramidal tract, in terms of potential extensive
destruction by tumor invasion, when hyperintense foci
surrounding the tumor spread to the pyramidal tract on
conventional MRI for glioblastoma patients with hem-
iparesis. Use of 3DAC with DWI will likely offer a
feasible option for preoperative examination in glio-
blastoma patients.
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Abstract

The relationship between water diffusion parameters measured using diffusion tensor imaging (DTI) and histological malignancy of gliomas
was investigated.

DTI was performed using a 3.0 T MR scanner in 41 consecutive patients with histologically proven gliomas. Fractional anisotropy (FA)
and mean diffusivity (MD) were calculated and compared with the WHO classification of the gliomas.

The FA values of grade 1 gliomas (0.150 3= 0.017) were significantly lower than those of grade 3 (0.23 & 0.033) or grade 4 gliomas (0.229
+ 0.033) (P < 0.0001, respectively). The FA values of grade 2 gliomas (0.159 =+ 0.018) were significantly lower than those of grade 3 or
grade 4 gliomas (P = 0.0002, P < 0.0001, respectively). The FA threshold between low grade and high grade gliomas was 0.188. The MD
values of grade 1 gliomas (1619.1 &+ 157.4 x 10-® mm?/s) were significantly higher than those of grade 3 (1084.5 & 218.9 x 10-% mm?/s)
(P =0.0036) or grade 4 gliomas (1098.0 4= 291.6 x 10-% mm?/s) (P = 0.0002). The MD values were not correlated with the other grades of
glioma.

FA values can distinguish between high grade and low grade ghomaq This is useful in deciding the surgical strategy or selecting the site

of stereotactic biopsy.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Diffusion tensor imaging; Glioma; Malignancy

1. Introduction

Gliomas are the most common primary neoplasms of the
- central nervous system [1]. The prognosis for patients with
high grade gliomas has remained poor despite improvements
in radiation and chemotherapy {2,3]. Accurate preoperative
diagnosis of the tumor grade is important for the determina-
tion of appropriate treatment strategies [4]. Magnetic res-
onance (MR) spectroscopy [5—8], single photon emission
computed tomography [9-13], or positron emission tomog-
raphy [9-11] have all been used for the preoperative evalu-
ation of glioma malignancy. However, MR spectroscopy has
limitations in spatial resolution and heterogeneous lesions

* Corresponding author. Tel.: +81 19 651 5111; fax: +81 19 625 8799.
E-mail address: tainoue @iwate-med.ac.jp (T. Inoue).

0303-8467/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.clineuro.2004.06.011

are difficult to assess [7], whereas imaging methods using
radioactive isotopes are invasive and involve handling prob-
lems.

Diffusion tensor imaging (DTT) can measure the direction-
ality (anisotropy) and the magnitude (diffusivity) of water
diffusion in vivo [14]. Fractional anisotropy (FA) and mean
diffusivity (MD) are the quantitative indices for anisotropy
and diffusivity, respectively [15]. The microstructural organi-
zation of the brain tissue affects the molecular motion of wa-
ter. Therefore, the FA and MD reflect microstructural changes
of tissue caused by damage from degenerative disease, brain
ischemia and brain tumors [ 16-21]. The histological diagno-
sis of glioma malignancy is based on the presence of nuclear
heteromorphism, nuclear mitosis, endothelial proliferation,
and necrosis [22]. These characteristics may affect the FA
and MD values of gliomas.
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Table 1
Patient characteristics and tumor grades, using the WHO classification
Case no. Age Sex Grade FA value MD value x
i 10-% mm?/s
1 7 F Gl 0.161 1552.6
2 10 F Gi 0.140 1395.9
3 15 F Gl 0.152 1706.3
4 23. F Gt 0.165 1525.9
5 6 M Gl 0.150 1779.7
6 27 M Gl 0.154 1448.7
7 43 M Gl 0.112 1797.73
8 69 M Gl 0.163 1745.91
9 35 F G2 0.158 1087.9
10 46 F G2 0.172 1010.1
it 48 F G2 0.144 969.9
12 2 M G2 0.176 1588.0
13 28 M G2 0.154 1403.2
14 33 M G2 0.163 1251.3
15 40 M G2 0.122 1380.94
16 59 M G2 0.181 1407.37
17 60 M G2 0.157 1493.2
18 43 F G3 0.231 1328.5
19 68 F G3 0.237 778.8
20 4 M G3 0.227 951.9
21 39 M G3 0.206 1270.26
22 51 M G3 0.203 957.3
23 60 M G3 0.293 1220.12
24 41 F G4 0214 877.7
25 44 F G4 0.195 1085.8
26 54 F G4 0.199 972.11
27 58 F G4 0.250 874.3
28 68 F G4 0.218 612.7
29 68 F G4 0.207 11468
30 68 F G4 0.319 1385.69
31 69 F G4 0.196 1278.4
32 77 F G4 0.220 1224.8
33 15 M G4 0.219 694.7
34 47 M G4 0.225 865.2
35 56 M G4 0.216 1328.77
36 61 M G4 0.212 1326.9
37 63 M G4 0.283 875.67
38 63 M G4 0232 1049.6
39 64 M G4 0.204 1838.47
40 72 M G4 0.257 1286.71
41 74 M G4 0.251 1038.82

This study evaluates the relationship between the findings
of DTT and the histological malignancy of gliomas.

2. Clinical material and methods
2.1. Patient population

This study included 41 consecutive patients (18 females
and 23 males) aged 2-77 years (mean 46 years) treated at
our institute between October 2000 and December 2002,
who underwent DTI and had a histological diagnosis. No
medical therapy was received for their tumor prior to imag-
ing. The patient characteristics and tumor grades, using
the WHO classification [23], are listed in Table 1. The

study protocol was approved by the local ethical commit-
tee. All subjects gave written informed consent prior to the
study.

2.2. MR imaging

All MR imaging used a Signa VH/i 3.0T MR imaging
system (General Electric Medical Systems, Milwaukee, WI)
and standard head coil. A spin echo echo planar imaging
(EPI) sequence with diffusion gradients applied in six di-
rections ((x, y, z): (101), (—=101), (011), (01 —1), (110) and
(—110) direction, respectivery) was used for DTI: repetition
time 10,000 ms, echo time 84 ms, matrix 256 x 260, field of
view 240 mm, number of excitations 6, slice thickness 6 mm,
gap 2mm, and b factor 800 s/mm?2. All patients underwent
conventional spin echo T1-weighted imaging with contrast
medium after DTI.

2.3. Image analysis

All image post processing was performed on a scanner
console using a subprogram, developed by one of the authors
(H.K.), of the Functool™ image analysis software (Gen-
eral Electric Medical Systems, Buc, France). The scalars
invariants of the tensor, FA and MD, were derived for ev-
ery pixel. The regions of interest (ROIs) were determined
on the T2-weighted EPI scans, and were positioned on the
solid portion of the lesions. In the enhanced tumors, the
ROIs were confirmed to set the enhanced lesion on the T1
weighted images with contrast medium. The ROIs were auto-
matically transferred onto the coregistered FA and MD maps
(Fig. 1). Then, the FA and MD values were calculated for each
patient.

2.4. Statistical analysis

The relationship between the FA or MD values and the
tumor grade was evaluated with Scheffe’s F test. Statistical
significance was set at P < 0.05.

3. Results

DTI demonstrated the tumor mass and cystic lesions in all
patients. Representative FA maps and T1-weighted images
with contrast medium are shown in Fig. 2. The relationships
between the FA or MD values and the tumor grade are shown
in Figs. 3 and 4, respectively.

The FA values of grade 1 gliomas (0.150 & 0.017) were
significantly lower than those of grade 3 (0.23 & 0.033) or
grade 4 gliomas (0.229 = 0.033) (P < 0.0001, respectively).
The FA values of grade 2 gliomas (0.159 £ 0.018) were
significantly lower than those of grade 3 or grade 4 gliomas
(P = 0.0002, P < 0.0001, respectively). The FA threshold
between low grade (grade 1 and 2) and high grade gliomas
(grade 3 and 4) was 0.188 (Fig. 3). Differences between the
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Fig. 1. (a) Ti-weighted magnetic resonance (MR) image with contrast medium showing the region of interest (ROI) in the solid portion of the lesion. (b)
Fractional anisotropy map showing the outline of the ROI traced automatically. (¢) Mean diffusivity map showing the outline of the ROI traced automatically.

FA values of grades | and 2, or grades 3 and 4 were not
significant.

The MD values of grade | gliomas (1619.1 + 157.4 x
107% mm?/s) were significantly higher than those of grade
3(1084.5 £ 218.9 x 1079 mm?/s) (P = 0.0036) or grade 4
gliomas (1098.0 & 291.6 x 107 mm?2/s) (P = 0.0002). Dil-
ferences between the MD valuces of grade 1 and 2 (1288.0 +
220.2 x 1075 mm?/s), 2 and 3, and 3 and 4 were nol signifi-
canl. There was no clear threshold value between low grade
and high grade gliomas (Fig. 4).

4. Discussion
The primary finding of the present study was that the FA

value could be used to distinguish high grade glioma {rom
low grade glioma.

FA values have been investigated in patients with multi-
ple sclerosis, amyotrophic lateral sclerosis, or leukoaraiosis,
showing that the FA value is an indicator of the tissue dam-
age of white matter [17-20,24}. The molecular movement
ol water is restricted by membranes in the brain [25]. The
presence of myelinated fibers is an important factor in the
underlying mechanisms of anisotropic diffusion [26]. Thus,
damaged lissue in myelinated fibers may have reduced FA
values. Anisotropy is always reduced in brain tumors [21]. In
the present study, the FA values of gliomas were lower than
those of subcortical white (0.76 £ 0.05) and gray (0.25 +
0.1) matter [21], which corresponded with previous findings.

The present study showed that the FA values of high
grade gliomas were significantly higher than those of low
grade gliomas. High anisotropy implies that the tissue is
symmeltrically organized [21]. High grade glioma is his-
tologically characterized by pseudo-palisading, endothelial
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Fig. 3. Fractional anisotropy (FA) values and glioma grade. Dashed line,
threshold between low grade (G1 and G2) and high grade gliomas (G3 and
G4).

proliferation, or glomerular formation. The symmetric his-
tological organization may influence the anisotropy and in-
crease the FA value. However, high grade glioma is also
characterized by necrosis. Actually, it was reported that the
necrotic core of the high grade gliomas showed low FA values
[27]. Therefore, in the present study we strictly limited the
ROIs to be within the tumor body and to avoid the inclusion
of large necrosis. Thus, our findings suggest that preoperative
measurement of the FA values may predict the malignancy of
gliomas, which may be useful in deciding the surgical strat-
egy or selecting the site of stereotactic biopsy.

In the present study, the MD values of grade 1 gliomas
were significantly higher than those of high grade gliomas.

p = 0.0002
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Fig. 4. Mean diffusivity (MD) values and glioma grade.

However, the other grades of glioma did not correlate with
the MD values. Thus, the MD value was a poor predictor to
distinguish the malignancy of gliomas in comparison with
the FA value. MD values have been correlated with the histo-
logical cellularity of gliomas and are useful to distinguish
low grade gliomas from high grade gliomas [4]. The ex-
act reason for this discrepancy between previous findings
and our results is difficult to assess, but there are several
possible explanations. First, microstructural changes includ-
ing cell swelling, shrinkage, or widening of the extracellular
space can affect the MD values [28,29]. Second, low grade
glioma may exhibit moderate or high cellularity [30,31].
Thus, the MD values may not correlate with the glioma
grades. :

Cystic changes or necrosis within lesions could decrease
or increase FA and MD values, respectively. Therefore, we
excluded that possibility by using high resolution DTT. High
field MR imaging is useful to investigate fine anatomical
structures [32,33], so cyst or necrosis within the tumor is
easily differentiated from the solid portion.

Our study has some limitations regarding interpretation
of the FA values. First is the normal variation in the FA val-
ues among different brain regions. For example, there is a
more than 2-fold difference in the FA values between pe-
ripheral white matter such as neocortical association tracts
and central commissural tracts such as the splenium of the
corpus callosum [34,35]. If high grade gliomas tend to oc-
cur in deep white matter, they may have higher FA value. In
fact, “butterfly gliomas™ found at the splenium of the cor-
pus callosum tend to be Grade IV glioma rather than Grade
I or I gliomas. Second is the heterogeneity of the FA and
the MD values within tumors. Although this may not cause
serious problems in entirely homogenous tumors, discrep-
ancy may have occurred between the ROIs and histologic
samples in heterogeneous tumors. An image-guided tech-
nique, which was not applied in the present study for the
purpose of tissue sampling, would improve spatial correla-
tion between the samples examined by DTI and histologic
examination. Third is that DTI did not cancel the perfusion
effects. Tumor vascularity or microcirculation in the patho-
logical tissue may affect the FA values. We should apply
higher b value DTI to reduce the contribution of the perfu-
sion effects [36-38]. However, higher b value DTI reduces
the signal to noise ratio instead of reduction of the contri-
bution of the perfusion effects. In our study, we used high
resolution DTT to set the ROIs in the tumor bulk, not in
the cystic or necrotic regions. Therefore, we used b value
of 800s/mm? in this investigation. Further investigation to
compare the findings of DTI and histological examination is
required.

5. Conclusion

Investigation of the relationship between DTI and histo-
logical malignancy of gliomas found that the FA value can



