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Fig. 1 A MGMT methylation-sensitive high-resolution melting (MS-
HRM) analysis with 100.0% methylated, 0.0% methylated controls,
and methylation standards at 10.0 and 1.0% in 0.0% methylated
background. Data were analyzed using the Tm calling software
module. Two different peaks are obtained for the PCR product
derived from the methylated and unmethylated templates. The
samples containing a mixture of methylated and unmethylated DNA

(Table 3). The average methylation level in the 23 meth-
ylated samples ranged from 4.1 to 100%. Tumors with a
high methylation status (more than 70.0% methylated)
were detected in 11 (48%) -of the 23 MGMT-methylated
cases. ,

Four of five patients with recurrent PCNSLs responded
to temozolomide treatment; two cases had a complete
response (CR) over 12 months after 1 or 2 cycles of tem-
ozolomide, two patients had a partial response (PR), and
the remaining patient had progressive disease (Fig. 2).
Tumors of all four responders showed relatively high
methylation (61.7-99.0%) of the MGMT gene (Table 1),
and significant MGMT methylation was not detected in the
patient with progressive disease. In MSP, both unmethy-
lated and methylated MGMT were detected in all patients
including three cases demonstrated in Fig. 3. It was quite
difficult to evaluate the degree of MGMT methylation from
the result of MSP.

Of the nine cases treated with adjuvant temozolomide
after first-line HD-MTX therapy, eight achieved a CR or
PR of 7 to 27 months with temozolomide. In addition to
HD-MTX and temozolomide, these nine patients received
differing treatments (rituxirab plus RT in five patients, RT
in two patients, rituximab in one patient, and none in one
patient). Therefore, we did not investigate the relationship
between survival time and methylation status in the
patients receiving adjuvant temozolomide.
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0.0 % methylated

(methylation standards at 10.0 and 1.0% in 0.0% methylated
background) display two peaks. Tm (unmethylated), melting temper-
ature derived from unmethylated DNA; Tm (methylated), melting
temperature derived from methylated DNA. B MGMT MS-HRM
analysis with 100.0% methylated, 0.0% methylated, and serially
diluted standards at every 10.0%. Data were analyzed using the Tm
calling software module

Table 3 Methylation status
of the MGMT promoter in 45
PCNSL patients

Degree of MGMT No.
promoter methylation
(%)*

N
[\

<4.0 (=unmethylated
cases)

4.1-9.9
10.0-19.9
20.0-29.9
30.0-39.9
40.0-49.9
50.0-59.9
60.0-69.9
70.0-79.9
80.0-89.9
90.0-100.0

L D A N O NN~ W

 Percentage of MGMT meth-
ylation level in our assay

Discussion

The MGMT gene is known to be methylated in some sys-
temic B-cell lymphomas [15, 28, 29], but to our knowl-
edge, there has been only one report of MGMT methylation
in PCNSL[30]. In that study, 6 (60%) of 10 assessable
PCNSL patients had methylated MGMT promoters, as
measured by gel-based MSP, which is a highly sensitive
method to determine epigenetic silencing of genes. As
shown in our MSP assay, MSP can detect very low levels
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61.7 £ 4.04 % MGMT methylated

Fig. 2 Relapsed PCNSL cases treated with temozolomide as salvage
chemotherapy. A-C are cases 1, 2, and 4 in Table 1, respectively.
Upper panels show gadolinium-enhanced T1-weighted magnetic
resonance images before and after temozolomide treatment. The
white arrows indicate relapsed tumors. After chemotherapy, tumors

W H,0 A

93 bp

N 81bp

Fig. 3 Methylation-specific PCR results of MGMT promoter in cases
shown in Fig. 2. PCR products in lanes marked as (U) indicate the
presence of unmethylated MGMT alleles. PCR products in lanes
marked as (M) indicate the presence of methylated MGMT alleles. 0%
methylated control was used as a negative control for methylation,
100% methylated control was used as a positive control for
methylation, and water (H,O) was used as negative PCR control.
Marker is a 100 bp DNA marker. The sizes of PCR products are
indicated on the right scale. A-C are cases 1, 2, and 4 in Table I,
respectively

of DNA methylation or unmethylation. However, several
recent studies have raised serious concerns about the
application of MSP in a clinical setting. Because of the
qualitative nature of the assay, MSP cannot distinguish
between high levels of methylation and low levels that
have little or no biological significance. Ogino et al. [26]
showed that MGMT protein expression was not silenced in

tunmelhyluted) (methyluted)

99.0 = 1.00 % MGMT methylated

Vi o bemramyet 1 T e DR

(unmethyluted) (methylated)

1.3x 1.26 % MGMT methylated

completely disappeared in cases 1 and 2, whereas the tumor
progressed in case 4. Lower panels show the representative profile
of MGMT methylation in each case. The mean percentage =+ standard
deviation of MGMT methylation is indicated at the bottom

turmors with low levels of methylation (less than 4%) in the
MGMT promoter . Uccella et al. [29] demonstrated that the
MGMT methylation status correlated with survival in sys-
temic B-cell lymphoma patients treated with alkylating
agents; the outcome of survival analysis was unfavorable
both in patients with less than 4.0% MGMT methylation
and in patients with fully unmethylated tumors. Our assay
identified some cases with negligible methylation (less than
4.0%), which should have been considered as unmethylated
but were defined as methylated by the MSP method.
Therefore, it seems reasonable that the MGMT methylation
frequencies in our series were slightly lower than that
found in a previous study using MSP [30]. In addition, a
recent study suggested that the MSP assay for MGMT
methylation is not sufficiently reproducible to make it
suitable for clinical use [31]. Thus, a quantitative assay
should be used to evaluate MGMT promoter methylation in
clinical settings. Our study is the first to quantify MGMT
methylation levels in 45 PCNSLs, which is the largest
number of samples reported so far.

Salvage temozolomide treatment has been effective for
PCNSL patients who experienced a relapse after HD-MTX
chemotherapy. Although cases were small in number, our
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results indicate that temozolomide was especially benefi-
cial to patients with tumors containing a highly methylated
MGMT promoter. Methylation of the MGMT promoter is a
strong predictor of response, overall survival, and time to
disease progression in glioblastoma patients treated with
temozolomide [13]. Both the MGMT methylation fre-
quency and the proportion of highly methylated tumors are
significantly higher for PCNSL than for glioblastoma (our
unpublished data), which may explain why PCNSL
patients responded to temozolomide. An analysis of more
PCNSL patients is needed to evaluate the predictive power
of MGMT methylation on the impact of salvage temozol-
omide treatment in PCNSL. Adjuvant therapy with tem-
ozolomide is also promising, and a phase III study on the
use of HD-MTX and whole brain radiotherapy, with or
without concomitant and adjuvant temozolomide, in
PCNSL patients is being planned by the Japan Clinical
Oncology Group Brain Tumor Study Group.
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Abstract Tumor grade differentiation is often difficult
using routine neuroimaging alone. Computed tomography
perfusion imaging (CTP) provides quantitative information
on tumor vasculature that closely parallels the degree of
tumor malignancy. This study examined whether CTP is
useful for preoperatively predicting -the grade of malig-
nancy in glioma showing no enhancement on contrast-
enhanced magnetic resonance imaging (MRI). Subjects
comprised 17 patients with supratentorial glioma without
enhancement on MRI. CTP was performed preoperatively,
and absolute values and normalized ratios of parameters
were calculated. Postoperatively, subjects were classified
into two groups according to histological diagnosis of
grade 3 (G3) glioma or grade 2 (G2) glioma. Absolute
values and normalized ratios for each parameter were
compared between G3 and G2. Accuracies of normalized
ratios for cerebral blood flow (nCBF) and cerebral blood
volume (nCBV) in predicting a diagnosis of G3 were
assessed. In addition, nCBV was compared between diffuse
astrocytoma, G2 oligodendroglial tumor (OT), and G3 OT.
Values for nCBF and nCBYV differed significantly between
G3 and G2. Using nCBYV of 1.6 as a cutoff, specificity and
sensitivity for distinguishing G3 were 83.3% and 90.9%,
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respectively. No significant difference in nCBV was seen
between diffuse astrocytoma and G2 OT, whereas differ-
ences were noted between G2 and G3 OTs, and between
diffuse astrocytoma and G3 OT. CTP offers a useful
method for differentiating between G3 and G2 in nonen-
hancing gliomas.

Keywords Computed tomography perfusion imaging -
Diffuse astrocytoma - Glioma - Nonenhancement -
Oligodendroglioma - Preoperative diagnosis

Introduction

Glioma is graded according to World Health Organization
(WHO) classification, with grade 1 or 2 graded as low-
grade glioma (LGG) and grade 3 or 4 commonly defined as
high-grade glioma (HGG) [1]. As treatment and prognosis
differ substantially between LGG and HGG, the ability to
differentiate between grade 2 (G2) glioma and grade 3
(G3) glioma, as the border between LGG and HGG, is very
important. On contrast-enhanced computed tomography
(CT) and magnetic resonance imaging (MRI), G2 gliomas
are nonenhanced due to preservation of blood-brain barrier
(BBB), whereas G3 gliomas are commonly enhanced due
to increased vascular permeability caused by disruption of
the BBB within the tumor [2—4]. However, the relationship
between histological grading and contrast enhancement on
CT and MRI is not always clear. Preoperatively differen-
tiating between G3 and G2 gliomas that are nonenhanced
on conventional neuroimaging is often difficult. When
patients with nonenhancing glioma are encountered, neu-
rooncologists may perform various examinations to dif-
ferentiate between G3 and G2 gliomas, such as positron
emission tomography (PET) for direct assessment of tumor
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metabolism, magnetic resonance spectroscopy to detect
magnetic resonance signals of metabolites, and diffusion-
weighted MRI to clarify structures within and surrounding
the tumor. Assessment of intratumoral vasculature is one
approach that may help to clarify the intratumoral biolog-
ical characteristics and malignancy of a tumor, as intratu-
moral angiogenesis and high vascularity, which are
regulated by hypoxia and various vascular endothelial
growth factors, are essential for tumor growth and pro-
gression [5-7].

Angiography enables direct observation of intratumoral
vessels, but is hazardous and remains limited for depiction
of intratumoral microvasculature. Magnetic resonance
perfusion imaging (MRP) and CT perfusion imaging (CTP)
provide reliable information on the intratumoral micro-
vasculature [8—12]. Numerous studies of perfusion imaging
have shown that increasing malignancy of the glioma is
associated with increased intratumoral blood volume and
vascular permeability [10, 13—15]. Quantitative evaluation
from perfusion imaging thus depends on both the micro-
vasculature (vascular density and diameter), and vascular
permeability due to disruption or absence of the BBB
within the tumor. Previous reports have shown good cor-
relations between findings on perfusion imaging and
malignancy grading in enhancing glioma. In contrast, the
BBB of vessels is preserved in nonenhancing glioma, since
extravasation of contrast medium through the BBB in
tumor vessels is considered to represent the main cause of
tumor contrast enhancement [4]. As MRI remains the
preferred technique for assessing brain tumors, studies
using MRP to thoroughly evaluate gliomas greatly out-
number those using CTP, and MRP has also been applied
to neurooncological applications for nonenhancing glio-
mas, such as determining biopsy targets and predicting
malignant progression [16—18]. In recent years, CTP has
gained acceptance as a valuable imaging technique for
assessing hemodynamics in brain tumors [13, 14, 19-22].
However, whether CTP is useful for grading malignancy of
nonenhancing gliomas remains unclear. CTP retains the
advantage of a linear relationship between attenuation
changes on CT and tissue concentration of contrast med-
fum, unlike MRP [8, 20]. We therefore hypothesized that
CTP should accurately provide quantitative information on
only the microvasculature within the tumor, excluding
extravasation due to permeability, when limited to patients
with nonenhancing glioma. In the present study, we per-
formed CTP on patients with nonenhancing glioma, and
compared cerebral blood volume (CBV), cerebral blood
flow (CBF), and mean transit time (MTT), as quantitative
values provided from CTP, with postoperative histological
diagnosis. The present study aims to determine whether
CTP is useful for prediction of preoperative malignancy
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grading (WHO G2 or G3) in nonenhancing glioma on
contrast-enhanced MRI.

Patients and methods
Patients

The study protocol was approved by the Ethics Committee of
Iwate Medical University, Morioka, Japan. Consecutive
patients admitted to the Department of Neurosurgery at
Iwate Medical University between September 2006 and
January 2010 and meeting the entry criteria were recruited to
this study. Entry criteria for this study comprised: diagnosis
of supratentorial glioma; tumor bulk not clearly enhanced on
gadolinium-enhanced T1-weighted MRI (Gd-T1WI); tumor
bulk sited in the supratentorial cerebrum; no past history
relating to the brain, including surgical operation, irradia-
tion, administration of anticancer agents or steroids, stroke,
infection, or other disorders such as demyelinating disease;
and provision of written informed consent to participate.
Subjects comprised 17 patients (7 men, 10 women) with
mean age of 47.8 years. Patient data including age, tumor
site, operation method, postoperative histological diagnosis,
and malignancy grade are summarized in Table 1.

Table 1 Patient summary

No. Age Tumor site Surgery Histology WHO
(years) grade

1 76 Temporal lobe  Biopsy AA 3

2 58 Frontal lobe Resection  AO 3

3 45 Frontal lobe Resection  AO 3

4 34 Frontal lobe Resection AO 3

5 29 Frontal lobe Resection  AO 3

6 21 Frontal lobe Resection  AOA 3

7 78 Frontal lobe Biopsy DA 2

8 68 Frontal lobe Biopsy DA 2

9 68 Parietal lobe Biopsy DA 2

10 65 Frontal lobe Resection DA 2

11 58 Frontal lobe Resection DA 2

12 52 Frontal lobe Resection Ol 2

13 46 Temporal lobe  Resection Ol 2

14 42 Frontal lobe Resection OA 2

15 30 Frontal lobe Resection OA 2

16 27 Frontal lobe Resection DA 2

17 16 Temporal lobe  Resection OA 2

AA anaplastic astrocytoma, AO anaplastic oligodendroglioma, AOA
anaplastic oligoastrocytoma, DA diffuse astrocytoma, Oli oligoden-
droglioma, OA oligoastrocytoma
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Conventional MRI and CTP

Conventional MRI was performed for all subjects within
7 days before surgery. Spin-echo Gd-T1WI was performed
approximately 2 min after intravenous injection of gado-
linium (0.2 ml/kg, Magnevist; Bayer Schering Pharma,
Berlin, Germany), using a 3.0-T whole-body scanner
(GE Yokogawa Medical Systems, Tokyo, Japan) with a
standard head coil. We confirmed that the tumor in each
patient did not show clear enhancement with gadolinium
on Gd-T1WL

CTP was also performed within 7 days before surgery
using a 16-row multidetector CT system (Aquillion 16;
Toshiba Medical Systems, Tokyo, Japan), in accordance
with the methods described by Sasaki et al. [23]. After
performing noncontrast CT to determine the location of the
tumor balk, a multislice scan targeting the tumor bulk was
performed (80 kVy; 40 mA; 1.5 s/rotation, 30 rotations
field of view, 240 x 240 mm?; four contiguous 8-mm-
thick sections; total scan time, 45 s). Five seconds after
intravenously injecting 40 ml (4 ml/s) nonionic iodine
-contrast medium (Iopamiron 300; Bayer Schering Pharma)
using a power injector, dynamic scanning was started and
tissue attenuation of contrast medium was monitored on a
slice. Radiation doses for the scanning protocol were as
follows: volume CT dose index, 150 mGy; dose-length
product, 480 mGy cm; and effective dose, 1.34 mSv. Data
were transferred to a commercial workstation (M900
Quadra; Ziosoft, Tokyo, Japan), and scaled color maps for
CBF, CBV, and MTT were automatically created. All
mathematical analyses were performed by the deconvolu-
tion method [19, 24], using CTP analysis software supplied
with the workstation described above. Among the three
types of deconvolution algorithms implemented in this
software, we used the block-circulant singular value
decomposition method. Regions of interest (ROI) for
venous output and arterial input functions were manually
placed at the superior sagittal sinus and a single branch of
the insular segment of the middle cerebral artery on either
the pathological or nonpathological side, or A2 segment
of the anterior cerebral artery, respectively. ROI were also
placed over the entire tumor bulk and apparently normal
white matter (ANWM) on the nonpathological side, on
color maps for each parameter. Size of the ROI for ANWM
was established as 1.0 cm”. In the measurement of absolute
values, the vascular-pixel elimination (VPE) method was
used to exclude pixels from large vessels at the cerebral
surface, sulci, and cisterns [23, 25]. In the present study, we
established the VPE threshold as 6.0 ml/100 g for CBV,
since high-CBV areas suggesting large cortical vessels on
color map disappeared satisfactorily at 6.0 ml/100 g when
the threshold was varied between 5.0 and 8.0 ml/100 g
using our analysis software. Large vascular pixels were
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thus defined as pixels with CBV values >6.0 ml/100 g and
were automatically eliminated. Regional absolute values
(rCBF, rCBV, and rMTT) were then calculated automati-
cally for all ROL The measurements described above were
performed twice for each patient by two investigators
(M.S. and K.K.) who were blinded to all clinical data,
including individual patient information and histological
diagnosis. Absolute values of all parameters for each
patient were determined as the mean of four measured
values, as determined twice by each investigator. The
second test was performed 1 week after the first test, with a
different randomized order of measurements from the first
test. We also calculated normalized ratios (nCBF, nCBV,
and nMTT) as the absolute value for the tumor divided by
the absolute value for the ANWM for each parameter in all
patients. All patients underwent surgery, with tumor
resection for 13 patients and CT-guided stereotactic needle
biopsy for 4 patients (Table 1). The region targeted in
stereotactic biopsy was based on findings from the CBV
color map. If the color map showed heterogeneous perfu-
sion within the tumor, the targeted region corresponded to
the region with the highest perfusion area for CBV. In
cases with tumor resection, histological diagnosis was
determined by observation at the lesion showing the most
malignant histological features in all preparations. Post-
operatively, histological diagnosis using specimens
obtained from surgery was made by one of the investiga-
tors (A.K.) with no prior knowledge of CTP data.

Statistical analyses

All data were analyzed using PASW Statistics version 18
software (SPSS Japan, Tokyo, Japan). Inter- and intrarater
reliabilities for all absolute values were evaluated accord-
ing to classification of the intraclass correlation coefficient
(ICC) [26]. For ICC(3,;y and ICCy; 4 as interrater reliability,
agreement of all absolute values (CBF, CBV, and MTT)
between first and second tests was analyzed for tumor and
ANWM for each investigator, using one-factor analysis of
variance (ANOVA). For ICC 3 and ICC(, ;, as intrarater
reliability, agreement of all absolute values between the
two investigators was analyzed for tumor and ANWM for
each test, using two-factor ANOVA. Patients were
assigned to one of two histological grading groups
according to histological classification: WHO G2 or WHO
G3. Frequency of biopsy was compared between G2 and
G3 groups using Fisher’s exact probability test. We com-
pared absolute values from the tumor lesion for each
parameter between G2 and G3 using the Mann—-Whitney
U test. Furthermore, the normalized ratio for each param-
eter was compared between these groups again using the
Mann-Whitney U test. The accuracy of *CBF and nCBV in
predicting a diagnosis of G3 was assessed using receiver
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operating characteristic (ROC) curves. ROC curves were
calculated in increments of 0.1. Absolute values and nor-
malized ratios for CBV were compared between diffuse
astrocytoma, G2 oligodendroglial tumor (OT), and G3 OT,
using the Mann—~Whitney U test. G2 OTs comprised oli-
godendroglioma or oligoastrocytoma, whereas G3 OTs
comprised anaplastic oligodendroglioma or anaplastic oli-
goastrocytoma. Statistical significance was established at
the P < 0.05 level in all analyses.

Results

Based on histological diagnosis after surgery, 6 patients
were assigned to the G3 group and 11 patients were
assigned to the G2 group (Table 1). Of these 17 patients, 4
patients underwent stereotactic biopsy. Frequency of
biopsy did not differ significantly between G3 and G2
groups (P = 0.25).

Interrater reliability was classified as “almost perfect”
- for both tumor and ANWM for each investigator: ICC,
and ICCy , for M.S. were 0.943 and 0.971 for tumor, and
0.961 and 0.980 for ANWM, respectively, and those for
K.K. were 0.966 and 0.983 for tumor, and 0.942 and 0.970
for ANWM, respectively. Intrarater reliability was also
classified as “almost perfect” for both tumor and ANWM
in each test: ICC;, 1y and ICC(y 4 in the first test were 0.987
and 0.993 for tumor, and 0.973 and 0.987 for ANWM,
respectively, and those in the second test were 0.971 and
0.985 for tumor, and 0.973 and 0.986 for ANWM,
respectively. Absolute values of tumor lesions for each
parameter in G3 and G2 groups are summarized in Table 2.
Absolute values for all parameters varied widely, with no
significant differences in any parameters identified between
G3 and G2 groups. Normalized ratios for each parameter
are summarized in Table 3. Significant differences between
G3 and G2 groups were identified for nCBF and nCBV,
with no significant differences in nMTT.

The cutoff for accuracy was defined as the point lying
closest to the upper-left corner of the ROC curve.

Table 2 Absolute values for each parameter

rCBF (ml/100 g/min) rCBV (ml/100 g) rMTT (s)

G3 (n = 6)
Range 10.8-27.0 1.9-3.2 6.8-10.8
Mean + SD 183 + 5.3 25+05 85+ 15
G2 (n=11)
Range 8.8-23.3 1.3-2.6 7.0-12.2
Mean £+ SD 155 +4.2 2.1+04 88+15
P 0.27 0.25 0.76

SD standard deviation
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Table 3 Normalized ratios for each parameter

nCBF nCBV nMTT
G3 (n=6)
Range 1.34-3.00 1.54-2.39 0.76-1.06
Mean + SD 2.10 £ 0.57 1.92 £ 0.37 0.90 £ 0.12
G2 (n=11)
Range 0.92-2.00 0.91-1.75 0.79-1.07
Mean =+ SD 1.41 £ 0.38 1.26 + 0.28 0.91 £+ 0.09
P 0.01 0.004 0.76
3.0 4 'S Sensitivity 83.3%
Specificity 81.8%
2.5
<

Nonmalized ratio for CBF

| |
Grade 3 Grade 2

Fig. 1 Relationship between nCBF value and WHO grading. Using a
cutoff of 1.7 (dashed line), nCBV was >1.7 for 5 (83.3%) of 6
patients with G3, compared with <1.7 for 9 (63.6%) of 11 patients
with G2

Sensitivity and specificity in predicting a diagnosis of G3
were 83.3% and 81.8% for nCBF (cutoff 1.7), and 83.3%
and 90.9% for nCBV (cutoff 1.6) (Figs. 1, 2). Accuracy for
predicting a diagnosis of G3 was higher with nCBV than
with nCBF,

A comparison of nCBV was made between G3 OT, G2
OT, and diffuse astrocytoma (Table 4). Significant differ-
ences in nCBV were identified between G3 and G2 OTs
(P = 0.009), and between G3 OT and diffuse astrocytoma
(P = 0.02), whereas no significant difference was seen
between G2 OT and diffuse astrocytoma (P = 0.36).

Illustrative cases

We now describe the cases of two patients for whom CTP
provided useful information for predicting tumor grading.
Gd-T1W1 for case 6 showed glioma with no clear
enhancement in the right frontal lobe (Fig. 3a). Using the
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Grade 3 Grade 2

Fig. 2 Relationship between nCBV value and WHO grading. Using a
cutoff point of 1.6 (dashed line), nCBV was >1.6 for 5 (83.3%) of 6
patients with G3 and <1.6 for 10 (90.9%) of 11 patients with G2

Table 4 Normalized ratio (mean & SD) for CBV in G3 OT, G2 OT,
and diffuse astrocytoma

nCBV
G30T (n=5) 1.99 4+ 0.36
G20OT (n=35) 1.16 £ 0.24
Diffuse astrocytoma (n = 6) 1.35 £ 0.31

OT oligodendroglial tumors

VPE method, color mapping of CBV demonstrated large
vessels of the cerebral surface to be successfully excluded
(Fig. 3b). Color mapping of CBV depicted areas of hyper-
perfusion within the tumor. The nCBV for this case
(nCBV = 2.3) was higher than the cutoff point. Tissue
specimens obtained from gross total resection showed typ-
ical histological features of G3 anaplastic oligoastrocytoma.

Gd-T1WI for case 14 showed nonenhancing glioma of
the right frontal lobe (Fig. 4a). The VPE method satisfac-
torily eliminated large vessels of the cerebral surface
(Fig. 4b). On color mapping, areas of hyperperfusion
seemed to be minor compared with those in case 6. The
nCBV in this case (nCBV = 1.2) was lower than the cutoff
point. After tumor resection, histological diagnosis was G2
oligoastrocytoma.

Discussion
Previous reports have documented that G3 gliomas make

up 40-46% of nonenhancing gliomas on conventional MRI
[3, 4]. Our finding of G3 tumors in 6 (35.2%) of 17 patients

411

bk

Fig. 3 Gd-T1WI (a) and color map of CBV (b) for case 6. Circle
ROI covering the entire tumor bulk and ANWM localized on the
nonpathological side

was close to this level. Thus, preoperative differentiation
between G3 and G2 using MRI is often difficult. Biopsy or
resection allowing histological diagnosis currently remain
the basis for differentiation between G3 and G2 gliomas.
However, neuroimaging can provide useful information on
pathological diagnosis, particularly for patients who do not
undergo biopsy or resection allowing histological diagno-
sis. Novel neuroimaging procedures other than routine
MRI are thus desired. CTP and MRP provide reliable
information on tumor vasculature, which can help to
determine the extent of malignancy in glioma [8, 10, 22].
Although limitations of CTP include radiation dose and
limited area of coverage compared with MRP, the linear
relationship between attenuation changes on CT and tissue
concentration of contrast medium and the lack of con-
founding sensitivity to flow artifacts allow CTP to

‘_@__ Springer
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Fig. 4 Gd-T1WI (a) and color map of CBV (b) for case 14. Circle
ROI covering the entire tumor bulk and ANWM localized on the
nonpathological side

potentially offer a more accurate representation of tissue
microvasculature than similar MRP studies [8, 20]. Fur-
thermore, CTP offers advantages such as measurement of
quantitative absolute values, greater availability, fast
scanning time, high spatial resolution, low cost, and the
ability to use this technique for patients who cannot
undergo MRI due to the presence of metallic materials in
the body [14, 22, 27]. :

CBF derived from CTP has been suggested to show a
tendency toward overestimation, compared with that
derived from PET [28]. Since overestimation of CBF in
CTP was attributable to the presence of large vessels on the
cerebral surface, as contrast materials act as a nondiffusible

@_ Springer
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intravascular tracer in CTP unlike in PET, the VPE method
has been proposed to eliminate flow in large vessels [25}.
Accurate measurement of CBV contributes to accurate
CBF and MTT, as these parameters are closely associated
in the central volume principle as CBF = CBV/MTT [29].
We therefore used the VPE method in the present study.
We think that optimal threshold differs according to the
specific analysis software used for CTP. While VPE
threshold was 8.0 ml/100 g in the report by Kudo et al.
[25], we established a threshold of 6.0 ml/100 g, since
high-CBV areas from cortical large vessels disappeared
satisfactorily at this threshold for the analysis software
used in our study. Another reason for using the VPE
method is that OTs are Acommonly seen as superficially
located tumors in the brain [30, 31]. Elimination of
superficial large vessels at the cerebral surface, sulci, and
cisterns thus seems warranted when CTP is performed for
OTs.

In previous reports of CTP, rCBV wvalues ranged
from 2.3 to 8.87 ml/100 g for HGG and from 0.95 to
3.28 ml/100 g for LGG, differing significantly between
HGG and LGG [13, 14, 20]. The present mean rCBV
values in G3 and G2 (Table 2) agreed with previous find-
ings. In addition, mean rCBV values in both G3 and G2
were less than half of 6.0 ml/100 g as VPE threshold.
These findings suggest that the VPE method used in this
study did not exclude tumor vessels along with other large
vessels from CBV maps. While rCBV for G3 tended to be
on the low side compared with previous reports, this could
have resulted from the exclusion of patients with enhancing
glioma as subjects in this study. Extravasation of contrast
medium through the BBB in enhanced glioma may directly
lead to increased CBV, due to the linear relationship
between attenuation changes on CT and tissue concentra-
tion of contrast medium. Jain et al. [20] documented that
rCBF and rCBV in nonenhancing G3 glioma do not differ
significantly from those in nonenhancing G2 glioma,
although sample size in that report was small. The present
study with more subjects suggested that even nonenhancing
G3 glioma retains more vascular density than G2, although
the difference in rCBV between the two groups was minor
(Table 2). However, this result might have been influenced
by the disproportionate number of OTs in the G2 (42%)
and G3 (83%) groups. If vascular density is significantly
higher in G3 OT than in anaplastic astrocytoma, the large
number of G3 OTs may have result in a high mean CBV
for the G3 group in this study. This issue represents a
definite limitation to the present study.

Concentration of contrast medium within the tumor
might be subtly influenced by individual parameters such
as body size and cardiac output volume, and differences in
analytical software among institutes. We must emphasize
the importance of estimation using normalized ratios, as
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this allows us to ignore these differences. Ellika et al. [22]
reported findings for nCBV using CTP in 19 patients with
glioma, composed of a mixture of enhancing and nonen-
hancing WHO G1-G4 gliomas, and the utility of nCBF and
nCBV for distinguishing HGG from LGG. They also
documented nCBF and nCBV ranges of 0.78-3.75 and
1.5-3.7 in two patients with nonenhancing G3 glioma, and
ranges of 1.26-1.48 and 0.94-1.72 in three patients with
nonenhancing G2 glioma, respectively. Mean values of
nCBF and nCBV in G3 and G2 in this study (Table 3)
seemed close to the values reported by Ellika et al.
Radiographic grading of gliomas with conventional
MRI is not always accurate, with 85.7% sensitivity for
predicting HGG, even when including subjects with
enhancing glioma [22]. When subjects are limited to those
with nonenhancing gliomas, radiographic grading using
conventional MRI should be more difficult. A previous
report documented 85.7% sensitivity and 100% specificity
for identifying HGG using nCBV [22]. In the present study,
CTP could distingnish nonenhancing G3 glioma from
nonenhancing G2 glioma with 83.3% sensitivity and 90.9%
specificity using nCBV (Fig. 2). This was superior to the
results for nCBF. Accuracy for distinguishing G3 using
nCBYV in the present study was by no means inferior to that
reported by Ellika et al. [22], but subjects in this study
were limited to those with nonenhancing glioma. These
results suggest that nCBV in CTP is useful as an auxiliary
examination in addition to routine neuroimaging for pre-
dicting the grade of malignancy in nonenhancing gliomas.
Previous studies using MRP have documented higher
. relative CBV in OT than in other gliomas [32-34]. Lev
et al. [33] suggested that OTs tend to appear as high blood
volume lesion on MRP, without respect to tumor grade.
Two reports using MRP documented that G2 OTs show
higher relative CBV than diffuse astrocytoma [32, 34].
Also in a report using CTP by Narang et al. [15], G2 OTs
showed a trend towards higher CBV than G2 astrocytic
tumors, although no significant difference was found, and
no significant difference in CBV between G3 OTs and G2
OTs was identified. Those reports explained the high rel-
ative CBV of OT by a hypothesis based on the specific
histological features of fine capillary networks [33]. Fur-
thermore, those reports suggested that grading malignancy
may be difficult when patients with OT are included, due to
a high relative CBV. In the present study, no significant
difference in nCBV was seen between diffuse astrocytoma
and G2 OT, whereas significant differences were found
between G3 OT and G2 OT. The difference between the
reports described above and the present investigation might
be explained by differences between MRP and CTP, and by
the use of the VPE method in this study. Signal changes in
dynamic susceptibility contrast (DSC) MRI for MRP do
not depend on only the concentration of contrast material,
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but also on T2* or T2 relaxation rates, which are affected
by calcified foci and hemorrhage within tumor tissue.
These histological features are commonly seen in OTs.
DSC signals might thus be higher in OTs than in diffuse
astrocytoma, even when the microvascular densities are
comparable. The VPE method may have eliminated pixels
of high-CBV vessels in OTs, if vascular density in OTs is
significantly higher than that in diffuse astrocytoma.
However, exclusion of large vessels at the cerebral surface
and sulci from CTP maps is important, as OTs grow
superficially in the brain. Cha et al. [32] explained for
reason of high relative CBV for OTs in MRP by the pre-
dominant cortical location in addition to distinct vascular
pattern in OTs. We think that CTP with the VPE method is
useful for simple malignancy grading in subjects with OTs.
Conversely, MRP offers potential advantages for the
diagnosis of OTs. However, CTP should not be performed
additionally to MRP if the purpose in examination is
achieved by MRP, as CTP retains drawbacks such as
radiation dose and iodine contrast medium.

The present study possesses some limitations regarding
the interpretation of study results. First, the number of
patients in this study was small, with remarkably fewer
cases of anaplastic astrocytoma compared with OT in G3,
as mentioned above. Further investigation including a lar-
ger number of cases of anaplastic astrocytoma is needed. A
second limitation is the possible discrepancy between his-
tological diagnosis and the region of highest CBV within
the tumor. The region targeted for stereotactic biopsy was
not rigorously transferred from the region of highest rCBV
(“hot spots™). However, risk of histological misdiagnosis
caused by sampling error during biopsy might be negligi-
ble, since the number of patients who underwent biopsy
was small in both G3 and G2, and no significant difference
in frequency of biopsy was seen between groups. In
patients who underwent tumor resection, histological
diagnosis was not made using tissue specimens rigorously
corresponding to “hot spots.” However, histological
diagnosis based on the most malignant histological features
should be closely associated with high CBV, as increased
malignancy is associated with higher vascular density. CTP
with a 16-row multidetector CT scanner, covering only
four contiguous 8-mm-thick sections, did not cover the
entire tumor bulk in some patients. For those patients,
histological diagnosis was made using tumor tissues cor-
responding to the area depicted in CTP. A third limitation
was that data calculated from CTP in this study were not
the highest CBV values for a small ROI placed in “hot
spots” on a color map, but rather were mean values for a
large ROI covering the entire tumor bulk. This issue also
influences the second limitation. We thought that the
simple protocol in this study, combining absolute values as
amean in a large ROI with histological diagnosis from the
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area of the most malignant features, is suitable for appli-
cation in clinical practice, as tissue sampling error of
regions corresponding to a small ROI can be avoided. High
ICC in inter- and intrarater reliabilities showed that the
protocol used in this study offers high reproducibility.

Conclusions

We performed CTP combined with the VPE method for 17
patients, to clarify whether CTP can accurately differenti-
ate between G3 and G2 nonenhancing glioma. Our results
showed that nCBV from CTP was highly accurate in dif-
ferentiating G3 from G2 nonenhancing gliomas. The most
important result was that CTP enabled differentiation
between G3 and G2 nonenhancing OTs. CTP combined
with the VPE method offers a useful technique for differ-
entiating between G3 and G2 in nonenhancing gliomas.
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Abstract

The dedicated intraoperative examination monitor for awake surgery (IEMAS) was originally devel-
oped by us to facilitate the process of brain mapping during awake craniotomy and successfully used in
186 neurosurgical procedures. This information-sharing device provides the opportunity for all mem-
bers of the surgical team to visualize a wide spectrum of the integrated intraoperative information relat-
ed to the condition of the patient, nuances of the surgical procedure, and details of the cortical mapping,
practically without interruption of the surgical manipulations. The wide set of both anatomical and
functional parameters, such as view of the patient’s mimic and face movements while answering the
specific questions, type of the examination test, position of the surgical instruments, parameters of the
bispectral index monitor, and general view of the surgical field through the operating microscope, is
presented compactly in one screen with several displays. However, the initially designed IEMAS sys-
tem was occasionally affected by interruption or detachment of the connecting cables, which sometimes
interfered with its effective clinical use. Therefore, a new modification of the device was developed.
The specific feature is installation of wireless information transmitting technology using audio-visual
transmitters and receivers for transfer of images and verbal information. The modified IEMAS system

is very convenient to use in the narrow space of the operating room.

Key words: awake craniotomy,
cerebral glioma, surgery

Introduction

Current management strategy of cerebral gliomas
emphasizes the importance of maximal possible sur-
gical resection with minimal risk of postoperative
morbidity,”1112 but this goal cannot be attained
without use of the advanced computer-assisted in-
traoperative technologies, because of the typical in-
filtrative growth and unclear borders of primary
parenchymal brain tumors, as well as the common
effects on functionally-important cerebral struc-
tures, which create a significant challenge for
differentiation between the margin of the lesion and
adjacent viable normal tissue. Various technological
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intraoperative cortical mapping,

472

416

intraoperative monitoring,

adjuncts directed at facilitation of surgery for in-
tracranial neoplasms are currently incorporated
into neurosurgical practice.*® Particularly, the tech-
nique of awake craniotomy is widely used for in-
traoperative brain mapping during resection of le-
sions located in or in the nearest vicinity to eloquent
cortical areas.89.16.20)

Around a decade ago, the dedicated intraopera-
tive examination monitor for awake surgery
(IEMAS) was developed by our group.561119) The
clinical experience with this device was generally
very successful, but a few minor problems still ap-
peared. First, carrying of the IEMAS in and out of
the operating room between surgeries -easily
damaged the connecting cables and attachments,
which sometimes resulted in highly undesirable
mechanical problems during tumor resection. Sec-
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ond, the quantity of medical information displayed
on the screen of IEMAS was not considered ade-
quate by the operating surgeon in some cases. There-
fore, the device was improved by modifications. The
details of its initial clinical testing was reported
previously and published elsewhere.?) Here we
present our clinical experience with routine use.

Materials and Methods

IEMAS was designed as an information-sharing
device for use during awake craniotomy for in-
tracranial lesions.® The device provides simultane-
ous real-time visualization of a wide spectrum of in-
traoperative data. For example, the patient’s mimic
and face movements during answering specific test
questions, type of the examination test, position of
the surgical instruments and cortical stimulator in
the surgical field, parameters of the bispectral index

Fig. 1 Integration of multiple iritraoperative parame-
ters on the screen of the wireless intraoperative exami-
nation menitor for awake surgery. On the upper left dis-
play, the patient face and eyes can be seen to facilitate
checking of the consciousness status and mimics during
response to test questions. On the lower left display, the
anatomical data from the real-time updated neuronavi-
gation system is shown, which can localize the exact po-
sition of the cortical stimulator. On the lower right dis-
play, the view of the surgical field through the operative
microscope during brain mapping is seen, which can be
helpful for precise identification of the timing of stimu-
lation. On the upper right display, 4 different types of in-
formation are presented, which are (clockwise): the test
object provided for a patient for naming, parameters of
the bispectral index monitor reflecting the patient’s
awake state, general view of the operating theater, and
parameters of the heart beat monitor. In total, 7 differ-
ent intraoperative parameters are integrated in real-time
on one screen.
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monitor, and general view of the surgical field
through the operating microscope, can be presented
compactly in one screen with several displays (Fig.
1). Moreover, this combined image can be projected
on several in-room liquid crystal display (LCD) mo-
nitors, so the integrated real-time information can
be easily distributed and quickly analyzed by all
members of the surgical team, practically without
interruption of the surgical manipulations.

The specific feature of the new modification of the
IEMAS system is the installation of wireless infor-
mation transmitting technology using audio-visual
transmitters and receivers for transfer of images and
verbal information.?) The general technical charac-
teristics are presented in Table 1. The device con-
sists of 3 main parts: patient monitor, operator mo-
nitor, and control box (Fig. 2).

The patient monitor is a 3.5-inch LCD with a small

Table 1 Technical parameters of the latest modifica-
tion of intraoperative examination monitor for awake
surgery

390 X 1100 X 1300

AC 100; DC 12

1.2 GHz (1 channel) and 2.45 GHz
(2 channels)

CCD camera

3.5 inch LCD monitor
(patient monitor)

7.5 inch LCD monitor
(operator monitor)

B (self-controlling)

Size [mm)l
Power supply (V)

Frequency range of
audio-visual transmitters

Camera and monitors

Degrees of freedom in
monitors positioning

AC: alternating current, CCD: kcharge coupled device, DC:
direct current, LCD: liquid crystal display.

Fig. 2 General view of the wireless modification of in-
traoperative examination monitor for awake surgery.
Three main parts of the device are seen, patient monitor,
operator monitor, and control box.
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charge coupled device (CCD) camera and incorpo-
rated highly sensitive microphone. The test ques-
tions for the patient are displayed on this monitor,
and the camera images the patient’s face simultane-
ously with the verbal response to tests. The operator
monitor is a 7.5-inch LCD, which can project vari-
ous intraoperative parameters. The whole combined
image is constructed with a special divider of the
recording system. In the modified IEMAS, 7
separate windows can be created on this screen,
compared with 5 on the previous version of the
device. The image of this monitor is recorded on the
hard disk of the recording system, which is located

3 s
n:vggtztr;c\m o : ... wireless
S —— e Py
4 | transmission
microscope P8 wire
image transmission

patient monitor with
test questions [T

|’,“..;

BIS
=, | monitor

CCD camera within
palient monitor

LA A

wo. | image divider ] [

recording
system

operator monitor

down scan converter | IM DU
control box

Inside of the intelligent operating theater Qutside of the intelligent operating theater

Fig. 3 Scheme of information transfer during use of in-
traoperative examination monitor for awake surgery
and signal exchanging system provided by audio-visual
transmitters and receivers. BIS: bispectral index,
CCD: charge coupled device, PC: personal computer.

assistant
surgeon

operating
surgeon
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outside the operating room (Fig. 3). The control box
contains a down scan converter, alternating current
power supply, and audio-visual transmitters and
receivers. Metal poles connecting all 3 components
of the device are made from the recreated parts of
the commercially available tripod.

In the operating theater, the compact device is lo-
cated beside the operating table and controlled by
the assistant in charge of brain function monitoring
(Fig. 4), whose main tasks include providing of the
test questions for the patient simultaneously with
electrical stimulation of the cerebral cortex per-
formed by the operating surgeon, and checking the
appropriateness of response by evaluation of both
the verbal answer and movements of the facial mus-
cles and eyeballs.

Results

A total of 939 neurosurgical procedures for resec-
tion of intracranial gliomas were performed in the
intelligent operating theater of the Tokyo Women’s
Medical University from March 2000 to January
2011. Awake craniotomy was performed in 220
cases, and the initial modification of IEMAS was
used 186 times.

The clinical testing of the new modification of the
device was initiated on February 1, 2010, and imme-
diately revealed the presence of crossed line effects,
which resulted in impaired quality of visual and au-
ditory data. This technical trouble was caused by im-
perfect design of the control box, with close vicinity
of the several transmitters and receivers within the
same tight space, as well as by use of a similar fre-
quency (2.4 GHz) for all transmitters. Change of the

Fig. 4 Schematic (A) and real (B) demonstration of the position of the intraoperative examination monitor for awake
surgery (IEMAS) during resection of glioma, and its use by the assistant in charge of brain mapping (C).
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Table 2 Possible problems with identification of the speech areas with intraoperative electrical stimulation of the
cerebral cortex during awake craniotomy and technical solutions required for their elimination*

Problem

Solution

Speech arrest during intraoperative cortical mapping may be
similarly caused by stimulation of the different cortical areas,
namely motor cortex, negative motor cortex, and speech area
itself, which requires their precise discrimination.

Presence of the surgical drapes separating the patient face and
examination monitor from the examiner of the cortical func-
tions may result in problems with identification of important
neurological signs appearing during cortical stimulation, and
with assessment of the appropriateness of visualization of the
examination task by the patient.

Monitoring of the patient face, its mimics, and involuntary move-
ments of the facial muscles at the time of speech arrest during
cortical stimulation may be extremely helpful for ruling out
both false positive and false negative identification of the
speech area and for its precise localization.

Insufficient awakening of the patient from sedation and subop-
timal level of his or her conscious may result in poor response
to examination tasks and pseudo speech arrest, which may
result in false positive identification of the cortical speech
area.

Information on the patient sedation level should be integrated
with details of his or her response to the examination tasks and
those data should be provided both for the surgeon and ex-
aminer of the cortical functions.

It may be difficult for the surgeon to assess correctness of the
patient response to examination task, since at the same time he
or she performs electrical stimulation of the cortex.

The examiner of the cortical functions providing the examina-
tion tasks for the patient cannot see the nuances of the cortical
stimulation performed by the surgeon, which may create
problems with precise interpretation of the patient responses.

The information on the cortical stimulation observed by the sur-
geon through the operating microscope and data on the type of
examination task providing for the patient and his or her
response should be integrated in real-time. Moreover, this in-
formation should be preferably provided not only for the sur-
geon and examiner of the cortical functions, but for all other
members of the surgical team in order to prevent loss of the im-
portant information and its correct interpretation.

Even if according to the intraoperative cortical mapping it can be
suspected that speech area is localized correctly, it may be
difficult for a surgeon to integrate precisely its positioning
with the anatomical details of the tumor location.

The information on the electrical cortical stimulation during in-
traoperative brain mapping should be integrated with the data
of intraoperative neuronavigation with three-dimensional
visualization of the tumor location.

*According to Yoshimitsu et al.?V and Sakurai et al.!®

wireless connections between the image divider and
operator monitor to cables was successfully done in-
itially,?" but simple reduction of the frequency of
this transmitter from 2.4 GHz to 1.2 GHz was soon
found to be adequate for full resolution of the
problem. The wireless modification of IEMAS was
used during 34 subsequent awake craniotomies
without technical problems during the 12 subse-
quent months.

Discussion

Precise intraoperative localization of the eloquent
cortical areas is of paramount importance during
resection of cerebral gliomas. However, the anatom-
ical location has individual variations.13-15.17,18)
Moreover, indolent tumor growth may result in fur-
ther shift of the functional cortical centers away
from the mass. Therefore, intraoperative mapping of
cortical and, sometimes, subcortical cerebral struc-
tures is essential, which is frequently performed
during awake craniotomy with the conscious com-
municating patient during direct electrical stimula-
tion of the specific brain areas.1:3:8-10.1620) Several
problems may arise with identification of the corti-
cal speech areas using such technique and require
specific solutions (Table 2).1921 Particularly, elimi-
nation of the anarthria produced by positive motor
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response of the tongue and face or from the negative
motor response of the tongue during cortical stimu-
lation is extremely important for precise evaluation

~ of the language function.?19

Our IEMAS may significantly facilitate cortical
brain mapping during awake craniotomy and
definitely proved its usefulness.5611.19 However,
sometimes appropriate use suffered from occasional
interruption of the connecting cables or detach-
ment. Moreover, the operating surgeon had com-
plained on several occasions of the limited number
of intraoperative parameters visualized on the
screen of the monitor. While those problems were
definitely minor, anxiety and irritation can result for
members of the surgical team due to more or less
prolonged interruption of the tumor removal. The
latter is definitely highly undesirable taking into ac-
count the awake condition of the patient.

Modification of the device was directed on instal-
lation of the wireless transmitting functions and in-
crease of the number of windows on the operator
monitor screen. Some technical problems appearing
during initial clinical testing were resolved quickly.
Our experience with the modified IEMAS suggests
complete elimination of minor problems associated
with the previous version. The compact and wireless
structure is very convenient to use in the narrow
space of the operating room. Further efforts with im-
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provement of the IEMAS will include development
of a more comfortable user interface and installation
of the auto-tracking mechanism in the CCD camera
of the patient monitor for automatic correction of its
positioning during cortical mapping.
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Abstract Photodynamic diagnosis is used during glioma
surgery. Although some studies have shown that the
spectrum of fluorescence was efficient for precise tumor
diagnosis, previous methods to characterize the spectrum
have been problematic, which can lead to misdiagnosis. In
this paper, we introduce a comparison technique to char-
acterize spectrum from pathology and results of pre-
liminary measurement using human brain tissues. We
developed a spectrum scanning system that enables spectra
measurement of raw tissues. Because tissue preparations
retain the shape of the .device holder, spectra can be
compared precisely with pathological examination. As a
preliminary analysis, we measured 13 sample tissues from
five patients with brain tumors. The technique enabled us
to measure spectra and compare them with pathological
results. Some tissues exhibited a good relationship between
spectra and pathological results. Although there were some
false positive and false negative cases, false positive tissue
had different spectra in which intensity of short-wave-
length side was also high. The proposed technique provides
an accurate comparison of quantitative fluorescence spectra
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with pathological results. We found that spectrum analysis
may reduce false positive errors. These results will increase
the accuracy of tumor tissue identification.

Keywords 5-Aminolevulinic acid - Protoporphyrin IX -
Fluorescence spectra - Photodynamic diagnosis

Introduction

Over recent decades, photodynamic diagnosis (PDD) has
been studied for intraoperative tumor diagnosis, especially
glioma. PDD uses autofluorescence or endogenous fluo-
rescence materials [1-4], and the technique can be easily
applied for clinical practice because the system is simple.
In a number of clinical studies, 5-aminolevulinic acid
(5-ALA)-induced protoporphyrin IX (PpIX) fluorescence
has been used for intraoperative tumor diagnosis. Although
5-ALA and PpIX are natural substances produced by the
human body, orally administrated 5-ALA accumulates in
tumor cells and is converted to PpIX by heme biosynthesis.
Accumulation of 5-ALA in a tumor cell may be caused by
a damaged blood brain barrier (BBB) or iron (Fe)-meta-
bolic enzyme defect, such as ferrochelatase [5]. However,
the exact mechanism is still unknown.

Stummer et al. [1-3] introduced the use of the fluores-
cence surgical microscope to examine PpIX fluorescence
for intraoperative tumor detection. They reported that some
regions of brain and tumor tissue have different fluores-
cence characteristics (intensity and color) and assessed
these tissues pathologically. Although this approach was
appropriate for fluorescence-guided surgery, fluorescence
measurement was not quantitative. A recent study of
quantitative fluorescence measurement showed that PpIX
spectrum shape is important to precisely detect tumor and
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diagnose malignancy  [6]. Another group reported that
ultraviolet (UV) laser and white light reveal differences in
the autofluorescence spectra between tumor and normal
brain tissue [7, 8]. Although these quantitative studies
found characteristic tumor tissue spectra when comparing
them with pathological results, the comparison methods
used have the following limitations. First, there is a pos-
sibility that a spectrum measurement point is different from
a pathology examination point. This means that a spectrum
characterization may not be correct. Second, because the
spectrum measurement was performed after staining or
fixation with formalin, the measured spectrum may be
different from that of the raw tissue. To use the result in
situ, raw tissue spectrum measurement is necessary.
Finally, although tumor margin characterization is neces-
sary for precise resection, these methods cannot determine
spatial changes in spectra.

To solve these problems, we developed a spectrum
scanning system that enables acquisition of raw tissue
spectra distribution. Furthermore, our novel protocol makes
it possible to precisely compare spectra with pathological
results. In this paper, we introduce the technique we
devised and present results of preliminary measurements.

Materials and methods
Measurement system

A spectrum-scanning system for 5-ALA-induced PpIX
fluorescence was especially designed for both fluorescence
measurement and fluorescence spectra comparison with
pathological results. The system consists of an excitation
laser (VLS405-SA3, Digital Stream), a spectrometer
(WTC-111E B&W, TEK Inc.), optics, and a computer
(Fig. 1). The excitation laser emits 405 nm of UV light,
and the maximal output power is 15 mW. The spectrometer
wavelength range is 300-850 nm. The measurement probe
uses a coaxial optical system. All light paths are connected
with optical fibers (core diameter 365 pm, multimode), and
a dichroic mirror is used to separate excitation light and
fluorescence. To insert a dichroic mirror in the light path,
three collimator lenses are mounted to a cubic box. Angles
and positions of all collimator lenses and the dichroic
mirror angle can be adjusted to improve the coupling
efficiency of the light. It is also equipped with a long-pass
filter to separate strong reflected excitation light from the
fluorescence signal. There are two achromatic lenses at the
tip of the probe. The focal length of the fiber side lens is
19 mm, the object side is 30 mm, the working distance is
21.7 mm, and the lens diameter is 12.5 mm. The mea-
surement spot diameter is evaluated using a phantom, the
optical character of which is designed to match that of
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XY stage

Fig. 1 Overall view of the measurement system

brain tissue. As a result, the system’s measuring diameter is
estimated as 0.8 mm.

To measure fluorescence spectra spatial changes, the
measurement probe is fixed under an XY stage (SGSP20-
35XY, Sigma Koki), and the sample tissues are then
moved. A removable tissue holder that has a square 5-mm
hole is set on the stage. One corner of the holder hole is cut
down to make a shape mark. Because the holder location is
registered to the XY stage coordinates, it is possible to
follow the measuring position. In this study, spectra of 58
points were acquired from each’ sample tissue.

Measurement protocol

To accurately compare spectra with pathological results,
we devised the following measurement protocol:

1. Resected tissue was gently put in the measurement
system tissue holder.

2. The spectrum of each point was measured by the
system, and data were processed automatically.

3. After measurement, the tissue and the holder were put
in liquid nitrogen to freeze the tissue.

4. The frozen tissue was taken out of the holder and
sectioned using conventional methods.

5. The sectioned tissue was stained with hematoxylin—
eosin (H&E).

Sectioning and staining were performed by a patholo-
gist. Spectrometer exposure time and the laser power were



