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streptavidin-biotin procedure was performed using the
histofine SAB (M) kit (Nichirei Co., Tokyo, Japan).
After washing in PBS, the sections were exposed for 5
min to tetrahydrochloride (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) in 0.05 M Tris buffer,
pH 7.6, containing 0.003% hydrogen peroxide. To
facilitate visualization of cytoplasmic immunostaining,
the slides were counterstained with Mayer hematoxy-
lin. Experiments and control experiments were each
performed twice on different days. One author (Y.K.)
who had no knowledge of the pathologic diagnosis or
any clinical or radiological data determined the MIB-1
labeling index (LI) by counting 1000 tumor cell nuclei.
We selected the median value of the MIB-1 LI as the
cut-off point, and classified the patients into 2
groups: < 15.8% group, and > 15.8% group. Expres-
sion of p53 and EGFR was classified as negative
(< 30%) or positive (> 30%) by one of the authors
(F.Y.) as we previously reported [8].

Evaluation of survivin expression

The specimens were scored for nuclear and cytoplas-
mic staining, by 2 authors (H.S. and M.T.) who had no
knowledge of the pathological diagnosis or any clinical
or radiological data. They counted at least 1000 tumor
cells per sample from randomly selected fields at x400
magnification. Samples in which > 5% of the tumor
cells stained positive for survivin (in the nucleus and/or
cytoplasm) were recorded as positive for survivin, and
samples in which < 5% of the tumor cells stained
positive for survivin were scored as negative for sur-
vivin, in accordance with previously reported methods
[16-18]. The positive specimens were also categorized
into 3 groups according to localization of survivin
expression: nuclear-positive group (only nucleus posi-
tive), cytoplasmic-positive group (only cytoplasm po-
sitive), and nuclear-cytoplasmic group (both nucleus
and cytoplasm positive).

Statistical analysis

Statistical analyses were performed using the SPSS 11.5
software package for Windows (SPSS INC., Chicago,
IL). Correlation between clinicopathological charac-
teristics and localization of survivin expression was
calculated using the chi-square test. Cumulative sur-
vival curves were estimated using the Kaplan-Meier
method. Correlations between survival and survivin
localization were calculated using the log-rank test,
Multivariate survival analysis was performed using the
Cox proportional hazards regression model, which

included the following clinicopathological factors: age,
sex, extent of resection, MIB-1 labeling index, expres-
sion of mutant p53 and EGFR, and survivin localiza-
tion. In all analyses, a probability value of P < 0.05 was
considered to indicate statistical significance.

Results

Localization of survivin expression and clinical
characteristics of high-grade astrocytomas

All specimens were positive for survivin: nuclear-
positive group, 10 cases (20%); cyloplasmic-positive
group, 23 cases (45%); nuclear-cytoplasmic group, 18
cases (35%). Figure 1 shows a representative specimen
for each group. Table 1 shows the distribution of sur-
vivin localization and clinical characteristics for all 51
patients. There was no significant correlation between
localization of survivin and any of the clinical factors
(age, sex, WHO grade, and extent of resection).

Localization of survivin expression
and immunohistochemical factors
of high-grade astrocytomas

Of the 51 high-grade astrocytomas examined, positive
immunoreactivity for EGFR was observed in 25 cases
(49.0%; Table 2), and positive immunoreactivity for
P53 was observed in 33 cases (64.7%). The localization
of survivin expression did not correlate with the Mib-1
labeling index (P =0.6798), p53 expression (P =
0.8039), or EGFR expression (P = 0.7431; Table 2).

Both nuclear and cytoplasmic survivin expression
correlates with poor prognosis

Univariate analysis using the log-rank test showed no
significant difference in survival between the nuclear-
positive group and the cytoplasmic-positive group
(P = 0.796). However, the nuclear-cytoplasmic group
had significantly shorter overall survival than the
nuclear-positive group and the cytoplasmic-positive
group (P = 0.0001; Figure 2).

Multivariate analysis indicated that survivin locali-
zation (nuclear-cytoplasmic group vs. nuclear-positive
group or cytoplasmic-positive group) significantly cor-
related with overall survival (P < 0.001; Table 3).
Thus, the data indicates that simultaneous expression
of survivin in both the nucleus and cytoplasm is a more
reliable predictor of poor prognosis than the other
clinicopathological factors in our analysis, including
MIB-1 LI, p53 expression and EGFR expression.
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Discussion with poor prognosis of astrocytic tumors [7-9]. How-

The present data indicates that simultaneous expres-
sion of survivin in both the nucleus and cytoplasm
predicts poor prognosis of patients with high-grade
astrocytoma. This is the first reported study to evaluate
correlation between subcellular localization of survivin
and prognosis of high-grade astrocytomas. We and
others have previously demonstrated that expression of
survivin mRNA or protein is significantly associated

Table 1 Localization of survivin expression and clinical
characteristics

Localization of survivin expression P
value
Nuclear Cytoplasmic Nuclear- Total
Cytoplasmic
Nupber of 10 23 18 51
patients
Age (Median)
<56 years 6 12 5 3 0.1701
> 56 years 4 11 13 28
Sex
Male 4 13 12 29 0.3934
Female 6 10 6 22
WHO grade
1 5 9 5 19 0.4914
v 5 14 13 32
Resection
Total 2 3 1 6 0.684]1
Subtotal 0 2 2
Partial 8 18 15 41

ever, in those studies, there was no analysis of the
relationship between subcellular localization of survi-
vin and response to treatment. Recent evidence sug-
gests that subcellular localization of survivin also
correlates with prognosis of several other malignant
tumors. In some malignant tumors, nuclear expression
of survivin correlates with unfavorable prognosis, while
the nuclear expression in other tumors correlates with
favorable prognosis [17-23] Thus, there remains con-
troversy regarding associations between subcellular

Table 2 Localization of survivin expression and
immunohistochemical factors
Localization of survivin expression P
value
Nuclear Cytoplasmic Nuclear- Total
Cytoplasmic
MIB-1 labeling index
<158 % 6 10 9 25 0.6798
>158% 4 13 9 26
p53
negative 4 7 7 18 0.8039
(<30 %)
positive 6 16 11 33
(=30 %)
EGFR
negative 5 13 8 26 0.7431
(<30 %)
positive 5 10 10 25
(=30 %)

Statistical analysis performed using chi-square test
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Fig. 2 Kaplan-Meier curves for the overall survival rates of high-
grade astrocytoma patients with survivin expression only in the
cytoplasm of tumor cells (cytoplasmic-positive group), only in
the nucleus (nuclear-positive group), or in both the nucleus and
cytoplasm (nuclear-cytoplasmic group). There was no significant
difference in survival between the nuclear-positive group and the
cytoplasmic-positive  group (P = 0.796). However, the
nuclear—cytoplasmic group had significantly shorter overall
survival than the nuclear-positive group and the cytoplasmic-
positive group (P = 0.0001)

localization of survivin and prognosis of malignant
tumors.

The present results indicate that survivin expression
limited to only the nucleus or cytoplasm does not cor-
relate with prognosis of high-grade astrocytoma, and
also indicate that simultaneous expression of survivin in
both the nucleus and cytoplasm significantly correlates
with poor prognosis of high-grade astrocytoma. There
are no previous reporis of analysis of the effect of
simultaneous oncogenic protein expression in both
the nucleus and cytoplasm on response lo treatment

Table 3 Multivariate Analysis of Prognostic Factors

Factor Survival
Hazard P 95% Cl
ratio value
Age 227 0.034* 1.064-4.872
Sex (Female vs. Male) 1.516 0.248 0.748-3.071
Resection (Partial 2.841 0.061 0.955-8.456
vs. Total + Subtotal)
MIB-1 index (>15.8% 1.806 0.110 0.874-3.731
vs. < 158 % )
P53 (>30% vs. <30% ) 0.689 0.295 0.343-1.384
EGFR (>30% 0.741 0.428 0353-1.556
vs, <30% )
Survivin localizationt 3.933 <0.001* 1.847-8.373

tBoth nucleus and cytoplam positive vs. only nucleus or cyto-
plasm positive

Statistical analysis performed using Cox proportional hazards
regression model; *F < 0,05

in malignant tumor patients. However, some reports
suggest that differently localized oncogenic proteins
interact and work cooperatively in tumorigenesis [24].
Therefore, the present approach is novel, and the
present report represents a significant contribution
to studies of the effect of subcellularly localized
oncogenic protein on tumorigenesis in malignant
lumors.

There have been several studies of correlation
between the subcellular localization of survivin, its
splice variants and their bifunctional roles; i.e., anti-
apoptosis and promotion of mitosis [11-15]. The
isoforms survivin and survivin-2B are found predomi-
nantly in the cytoplasm, whereas the survivin-deltaEX3
isoform is preferentially localized in the nucleus [11].
These differences in subcellular localization between
the splice variants of survivin are associated with their
functions in cell survival and cell division [11-15, 25].
One possibility is that the nuclear pool of survivin is
involved in regulation of cell division and promotion of
cell proliferation, whereas the cytoplasmic pool of
survivin participates in control of cell survival (anti-
apoptotic function) but not cell division [26].

Recently, Xie et al. [27] studied the pattern of sub-
cellular survivin expression in 30 primary and 26
secondary glioblastomas. In their report, they hypoth-
esized that the high frequency of cytoplasmic survivin
in glioblastoma may strengthen the barriers to cell
apoptaosis, thus accelerating the oncogenic process. On
the other hand, they found that the majority of glio-
blastomas had aneuploid DNA content, and found a
close association between nuclear survivin positivity
and tumor aneuploidy. These findings suggest that
nuclear-localized survivin in glioblastomas influences
mitotic events and subsequently promotes chromo-
somal instability. They also indicate that these differ-
ent forms of survivin (nuclear and cytoplasmic) have
different effects on the malignant behavior of human
glioma cells, and that they can have a profound effect
on the development and/or progression of primary and
secondary glioblastomas. Such findings suggest that
simultaneous expression of survivin in both the nucleus
and cytoplasm of cells in high-grade astrocytoma
results in cooperative aggressive anti-apoptotic activity
and chromosomal instability, plays an important role in
acquisition of more malignant characteristics, and is
involved in resistance to post-operative adjuvant
therapy.

However, the present study has a limitation. The
study population was rather small at 51 patients; larger
prospective studies are needed.

In conclusion, the present study is the first
reported evaluation of the prognostic significance of
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simultaneous survivin expression in both nucleus and
cytoplasm in high-grade astrocytomas. We found that
simultaneous expression of survivin was an important
prognostic factor for patients who underwent surgery
and adjuvant radiation therapy. We conclude that
the subcellular localization of survivin expression
(especially simultaneous localization in both the
nucleus and cytoplasm) is a reliable prognostic factor
of high-grade astrocytomas.
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BACKGROUND. Geminin is a nuclear protein that belongs to the DNA replication
inhibitor group. It inhibits DNA replication by preventing Cdtl from loading
minich i e protein onto chr in, as is required for DNA
replication. For this study, the authors investigated geminin expression in high-
grade astrocytic tumors, including anaplastic astrocytoma (AA) and glioblastoma
multiforme (GBM), with a view to predicting clinical outcomes on this basis in
patients with these malignant brain tumors.

METHODS. immunochistochemistry was used to detect geminin expression in 51
patients with high-grade astrocytic tumors (19 AA and 32 GBM). Samples were
categorized by taking the median value as the cut-off poimt for constructing
Kaplan-Meier curves. The relation of g P to clinical outcome in
these malignant brain tumors was analyzed by using the Kaplan-Meier method
and a Cox proportional hazards regression model.

RESULTS. Geminin was expressed in all high-grade astrocytomas (mean geminin
labeling index [L1), 24.90%). Kaplan-Meier curves showed that the group with
higher geminin LI (222.50%) had a better prognosis than the group with lower LI
(<22.50%; P =.0296). Similarly, the Cox regression analysis showed that geminin
expression has a significant correlation with survival in patients with high-grade
astrocytoma (P = ,0278), especially in an early stage.

CONCLUSIONS. Although it is an inhibitor of DNA proliferation and, thus, is a cell
cycle inhibitor, geminin expression was found in all malignant astrocytic tumors.
The geminin L1 was a significant predictive factor of outcomes in patients with
high-grade astrocytoma, with higher expression indicating a good prognosis.
Cancer 2007;109:949-56. © 2007 American Cancer Society.

KEYWORDS: Geminin, MIB-1, high-grade astrocyloma, immunohistochemistry.

uman malignant gliomas grow diffusely and invade surrounding

normal brain tissue. Surgical removal of the entire tumor often
is difficult, and irradiation often is administered as adjuvant therapy
for the treatment of incompletely resected tumors. However, to date,
the clinical effectiveness of irradiation has been limited. In almost
all patients, these high-grade tumors are refractory to treatment,
and the patients die from brain herniation caused by unresirained
tumor growth.! The median survival of patients with malignant
glioma is <2 years despite extensive and multidisciplinary treatment.

Geminin is a 25-kDa nuclear protein and has a DNA replica-
tion-inhibitory function. Its action is mainly through negatively reg-
ulating the function of Cdtl, which helps in the formation of
prereplication complex (pre-RC) by loading minichromosome main-
tenance protein (Mcm2-Mcm?7) onto chromatin.*'? In addition, DNA
polymerase binds to this complex and initiates DNA synthesis in
S-phase. This process repeats constantly and limits DNA replication

Published online 29 January 2007 in Wiley InterScience (www.interscience wiley.com).
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to once per cycle. To maintain this process, the level
of geminin fluctuates at different stages of the cycle;
geminin level is at its lowest and is almost absent in
Gl-phase but is high in S-phase and G2-phase and
in the initial stage of M-phase.

Therefore, geminin is responsible not only for the
regulation of the cell cycle but also for the genomic in-
tegrity of cells thus formed. From these observations, it
was believed that geminin likely would have tumor-
suppressive functions. However, previous reports have
demonstrated that the expression of geminin rises with
increasing tumor grade,"'"'® leading to a poor progno-
sis in a variety of cancer patients, eg, breast cancer and
renal cell carcinoma.'”'® Thus there has been a dis-
crepancy between normal molecular function and the
outcomes of clinical studies of geminin in many
cancers.

Although the effect of geminin expression on
clinical prognosis in a number of malignant tumors
has been studied, its effect on astrocytic tumors has
not yet been investigated. Moreover, previous studies
have not related geminin expression to different treat-
ment modalities, for example, radiotherapy. All of
our patients received radiotherapy after surgery as a
standard treatment protocol for high-grade astrocy-
tomas.'**® For the current study, therefore, we retro-
spectively examined the expression of geminin in
high-grade astrocytic tumors (anaplastic astrocytoma
[AA], World Health Organization (WHO] grade III;
and glioblastoma multiforme [GBM], WHO grade IV)
in relation to clinical prognosis, and we also analyzed
at the relaton between geminin expression and
radiosensitivity.

MATERIALS AND METHODS

Tumor Specimens

The tissue samples were collected during surgery, and
all tumor specimens were fixed routinely in 10% buf-
fered formalin and embedded in paraffin, which
were obtained from the research laboratory of the
Department of Neurosurgery, Hiroshima University,
Hiroshima, Japan. Samples were used with the prior
informed consent, which was obtained before sur-
gery, of the patients or their guardians.

Clinical Data

To standardize the study and to make it more speci-
fic, only patients with high-grade astrocytoma were
investigated. Specimens from 51 patients with high-
grade astrocytoma were obtained (WHO grades III
and IV). In addition, geminin expression in 20 speci-
mens of diffuse astrocytoma (low-grade glioma,
WHO grade II) was examined purely for comparison

TABLE 1
Clinical Details of 51 Patients With High-grade Astrocytoma
Parameter No. of patients
Agey

Range -

Mean +SD 4798 + 1878
Sex

Men a

Women 2
Grade

n 19

v »
Tumer resection

Total k]

Gross total 4

Subtotal 5

Partial k)

Biopsy 7
Fellow-up, mo

Range 3.07-15663

Mean 15D 230 +3557
SD indicates sundard deviation.

with geminin expression in high-grade gliomas. Pilo-
cytic astrocytomas (WHO grade 1) and astrocytomas
of the infratentorial region were excluded from the
study. We also excluded other types of gliomas, such
as oligodendroglioma, ependymoma, ganglioglioma,
etc, and gliomas that originated in the thalamus.
The included patients underwent surgery between
September 1990 and May 2005. Treatment for all
patients was primary surgery and radiation therapy.
Chemotherapy was not taken into consideration,
because as it was not administered uniformly in all
patients; and, unlike radiotherapy, it has not yet been
proven that chemotherapy prolongs survival in pa-
tients with these tumors.'®* Details of the 51 patients
are shown in Table 1. The mean survival was 29.81
months (range, 3.07-156.63 months).

Immunohistochemistry

Histologic diagnoses and other information on all
tumors were obtained from hospital records. Histolo-
gic diagnostic subtypes were defined and categorized
according to the WHO criteria and guidelines by 1 of
the authors (K.S.). Four-micrometer tissue sections
were deparaffinized with xylene, and antigen retrieval
was carried out by using the heat-induced epitope
retrieval method with citrate buffer solution, pH 6.0.
Endogenous peroxidase blocking was carried out by
dipping the slides into a solution made by mixing
10 mL of 30% H,0; and 90 mL of 99% methanol for
30 minutes, After each step, the slides were rinsed

123



and washed with phosphate-buffered saline solution,
pH 7.5, 3 times for 5 minutes each. An indirect
method of immunostaining, the labeled streptavidin
biotin (SAB) method, was employed for antibody
incubation, using the histofine SAB kit (Nichirei
Company. Tokyo, Japan). The antibody used for gemi-
nin was geminin (FL-209), which is a rabbit polyclo-
nal antibody (Santa Cruz Biotechnology, CA) raised
against geminin of human origin, at 1:200 dilution.
Similarly, the primary antibody for Ki-67 was mouse
monoclonal antibody (MIB-1; Immunotech, Marseille,
France) at 1:50 dilution. Primary antibody incubation
was performed overnight at 4°C, followed by incuba-
tion for 30 minutes in secondary antibody (biotinyl-
ated secondary antibody, SAB kit; Nichirei Company).
Slides were treated with Mayer hematoxylin as a
counterstain for better cytoplasmic visualization and
then mounted with coverslips for storage purposes.
The slides were evaluated for geminin labeling
index (LI) by 2 of the authors, who had no any prior
knowledge of the histologic diagnosis or other clini-
cal records: The numbers of positive cells per 1000
were counted in each sample at X400 magnification
under a microscope. A third author estimated the
MIB-1 LI by counting the positive nuclei per 1000
tumor cells in each sample in the same manner.

Statistical Analysis

Statistical analyses were performed using the soft-
ware package SPSS (Statistical Package for the Social
Sciences; version 11.5 for Windows). After calculating
the geminin LI for all samples by simple counting, as
described above, the mean and median values were
calculated.

Differences in geminin expression at different
stages of tumor progression (grades II, III, and IV) in
astrocytic brain tumors were assessed by using 1-
way analysis of variance (ANOVA). Post-hoc tesis were
performed using the Scheffe test.

Survival was measured in months from the date
of first surgery to the date of death for patients who
died or the date of last follow-up for patients who
remained alive. The Kaplan-Meier (KM) method was
used to assess survival against geminin expression.
The median geminin LI was taken as the cut-off point
for dividing the samples into 2 categories (less than
and greater than the median). Survival and life/death
status were plotted against the geminin LI; then, the
KM curves were prepared. The log-rank test was
used in a univariate analysis to evaluate statistical
significance.

A multivariate analysis with 95% confidence
intervals (95% Cls) was performed comparing several
prognostic variables for survival using the Cox pro-

Geminin Expression in Malignant Gliomas/Shrestha et al. 851

TABLE 2
Immunohistochemical Findings in 51 Patients With High-grade

Astrocytoma
Parameter

Value

Gemini
No. positive
Mean %

Median %
No. <2250%

No. pasitive
Mean %
Median %

portional hazards regression model. The prognostic
continuous variables were age, geminin LI, MIB-1 LI;
and the prognostic categorical variables were sex, tu-
mor grade, and extent of tumor resection. All P values
<.05 were considered statistically significant. A correla-
tion analysis between the 2 factors age and geminin
expression was carried out as a bivariate correlation
analysis using the Pearson test.

RESULTS

Geminin Immunohistochemistry

All 51 clinical samples (100%) showed positive staining
for geminin. The mean geminin expression (LI) was
24.90% per high-power field (range, 1.94-68.75% per
high-power field), and the median geminin LI was
22.50% per high-power field. Details of the immunohis-
tologic findings are provided in Table 2. Among the
20 patients who had low-grade (grade II) astrocytic
tumors, 5 patients (25%) did not have a single positive
cell, and the remaining 15 patients (75%) had positive
staining. The mean geminin expression (LI) for these
low-grade tumors was 11.27% (median, 3.01%). Figure 1
displays representative photomicrographs of geminin
immunostaining.

Geminin Expression and Age

Correlation analysis between the factors age and the
geminin expression was done by using the bivariate
Pearson correlation test, which showed no significant
correlation (P =.187), suggesting that there is no
significant correlation between age and geminin
expression.

Geminin Expression and Tumor Grade
Changes in geminin expression over the course of
tumor progression were analyzed and are shown in
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a)

b)

c)

FAGURE 1. immunohistochemical staining for geminin expression in high-
grade astrocytomas. These siides show geminin-negalive staining in low-
grade astrocytoma (a), geminin-positive staining In low-grade astrocyloma
(b), and geminin-positive staining in high-grade astrocyloma (c).

Figure 2. Geminin expression Increased significantly
as tumors progressed through each step from 1 grade
to another grade (from grade II to grade Il and from

100
l’ Schefte p=0 024 I
£0 4
% 0 Scheffe ps0 017
§ 401
K
0
ANOVA: p=0.007
o 11 w
Tumor Grade

FIGURE 2. Differences In geminin expression over tumor progression in
each step from 1 grade to another (grade Il, M, and ). Upper and lower
limits of the boxes and the line across the boxes indicate the 75th and 25th
percentiles and the median, respectively; upper and lower horizontal lines
Indicate the 90th and 10th percentiles, respectively. An analysis of variance
(ANOVA) between the groups showed siatistical significance (P = .007).
Geminin expression was much higher in grade Il and N tumors compared
with grade Il tumors (post-hoc Scheffe test; P = 017 and P = 024, respec-
tivelyy, although there was no statistically significant difference in geminin
expression between grade Il tumors and grade IV tumors (post-hoc Scheffe
test; P = .879).

grade 111 to grade IV; P =.007; ANOVA between
groups). The Scheffe post-hoc test showed a signifi-
cant difference in geminin expression between grade
1 and I tumors and grade I and IV twmors
(P=.017 and P =.024, respectively). However, we
observed no significant differences in geminin
expression between grade III tumors and grade IV
tumors (P =.879). Therefore, our current results
demonstrated that higher grade tumors have higher
geminin expression in astrocytic brain tumors, espe-
cially in the early stage of tumor progression.

Tumor Grade and Prognosis

We tried to perform the survival analysis of grade III
tumors versus grade IV tumors without noting geminin
expression. Our analysis showed, as expected, that the
survival of patients with AA was significantly better
than the survival of patients with GBM (P =.0080)
(Fig. 3). Therefore, the correlation between geminin
expression and prognosis was studied separately in the
AA group and the GBM group.

Geminin Expression and Prognosis
We examined the cumulative survival of 2 groups of
patients according to the geminin LI (higher than the
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FGURE 3. This Kaplan-Meler survival curve fliustrates the cumulative
survival rate of patients by tumor grade (astrocytoma grade [Ge] Il vs Gr V).
Survival was significantly better in patients who had anaplastic astrocytoma
(Gr W) compared with patients who had glioblastoma muftiformes (Gr N,
P = .0080).

median value [>22.50%] and lower than the median
value [<22.50%]) in the patients with high-grade
astrocytic brain tumors (AA and GBM) by using the
KM method. The group that had higher geminin
expression had a significantly better survival rate
compared with the group that had lower geminin
expression (P =.0296) (Fig. 4a). To test the signifi-
cance of geminin expression further in the prediction
of the clinical outcome of these malignant astrocyto-
mas, Cox multiple regression analysis was used to
compare the contribution of the geminin LI with that
of the other variables mentioned above. The geminin
LI (P=.0278) and tumor grade (P =.0436) were
identified as significant factors for predicting clinical
outcomes, as shown in Table 3.

AGURE 4. Kaplan-Meier survival curves. (a) Cumulative survival rates for
palients wilh high-grade astrocytoma according to the geminin expression
labeling index (V). Survival was significantly befter in the group thal had
higher geminin expression (LI, >22.50) compared with the group that had
lower geminin expression (LI, <22.50; P = .0296). (b) Cumulative survival
rates for patients with grade Il (Gr 1) astrocyloma according to the geminin
expression Ll Survival was significantly better in the group thal had higher
geminin expression (LI, >22.50) compared with the group thal had lower
geminin expression (LI, <22.50; P = .0006). (c) Cumulative survival rates for
patients with Gr N astrocytoma according lo the geminin expression LL
Survival was befter in the group thal had higher geminin expression (LI,
>22.50) compared with the group that had lower geminin expression (LI,
<22.50), although the difference was not statistically significant (P = .5696).
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TABLE 3 tumorigenesis and malignant progression.'"'® There-
Cox Regression Multivariate Analysis for Survival fore, it has been pointed out that geminin has a
Sarvivad causal effect on the carcinogenesis of different
tumors, especially in the early stages of carcinogene-
Tacters HR P 9% (1 sis. In patients oligodendroglioma, it also was shown
that geminin over-expression had an influence on
Age 1.0000 8976 WSTI-1022  the progression of tumors from low grade to high
Sex (men/women) Lz 1 0003709 grade.'? These results are consistent with our data,
Tumar grade (I/IV) 22269 36 102334 8462 : &
Tumor resection (T/GT/ST/B/B) L1116 5755 077516008  Which show that higher grade tumors _have higher
Geminin LI 0.9658 0278 05%3-09%2  geminin expression levels, especially during the stage
MIB-1 LI 08971 iy 0s736-10210  of early progression of malignancy.

Hit indicates hagard ratie; 5% C1, 85% conflidence interval; T, iotak; GT, gross totak ST, subtotak F,
partisl, B biopsy; LI, labeling indes.

To confirm the prognostic significance of gemi-
nin expression, we compared patients with AA and
patients with GBM separately by using KM curves.
The group that had higher geminin expression had a
better survival rate than the group that had lower
geminin expression in both patients with AA and
patients with GBM, whereas a statistical significance
was observed only in patients with AA (Fig. 4b)
(P =.0006) and not in patients with GBM (Fig. 4c)
(P =.5696). Therefore, we observed that higher gemi-
nin expression resulted in better survival rates in
patients with high-grade tumors, especially in the
early stage of malignant progression of astrocytic brain
tumors.

DISCUSSION

Previous studies have found that geminin is expressed
highly in a number of malignant conditions, in-
cluding breast cancer, colorectal cancer, cervical can-
cer, renal cell carcinoma, oligodendroglioma, and
others."’”'® Geminin is a protein that blocks the re-
replication of the gene in the same cycle. It is pres-
ent in the S-, G2-, and M-phases of the cell cycle but
is absent in Gl-phase; thus, it is the S/G2/M-phase
marker. Its absence indicates a lack of cell cycle pro-
gression, and its high expression indicates that cells
are progressing rapidly through the $-, G2-, and M-
phases and are engaged in DNA synthesis and, thus,
cell division. It was mentioned above that, in highly
proliferating cells, Gl1-phase becomes very short, and
many cells in this state are in S-, G2-, or M-phase.
Thus, more geminin is detected in immunostaining
of the tissue of highly proliferating cells, ie, tissues
from higher grade tumor. Furthermore, previous
studies have shown that the replication licensing
factors, like minichromosome maintenance flactor
and geminin, are up-regulated in the early stages of

Another previous study examined the effect of
geminin expression on the overall survival of patients
with breast cancer'’; and those authors demonstrated
that the higher expression of geminin was a poor
prognostic marker in patients with breast cancer. Yet
another study examined the relation of geminin
expression to the clinical outcome of patients with
renal cell carcinoma and showed the same tend'®:
higher geminin expression was a poor prognostic
marker. Surprisingly, the data from our investigation
on the relation between geminin expression and
survival in patients with high-grade astrocytic tumors
contradict those previous findings: Greater frequency
of geminin expression is associated with longer
survival and, thus, with a better prognosis compared
with lower geminin expression (Fig. 4a, Table 3). This
trend was similar in both patients with AA and
patients with GBM when they were analyzed sepa-
rately, whereas statistical significance was observed
only in patients with AA but not in patients with
GBM, suggesting that the geminin LI was a sig-
nificant predictor of better survival outcomes in
patients with high-grade astrocytomas, especially in
the early stage of malignant transformation (grade III)
(Fig. 4b,c).

A possible reason for these opposing results may
lie in differences in the treatments provided. All of
our patients both underwent surgery and received
radiotherapy as the standard treatment protocol for
high-grade astrocytoma. This suggests the possibility
that over-expression of geminin may increase radio-
sensitivity, leading to a better prognosis after radio-
therapy, even though geminin expression rises with
increasing tumor grade.

In a previous investigation of geminin expression
in a series of human normal and cancer cell lines
and human primary cancers, it was observed that
geminin over-expression stimulated cell cycle pro-
gression and proliferation in both normal cells and
cancer cells.'” In that study, in 5 of 6 patients with
rectal cancer, the expression of geminin was reduced
significantly by chemoradiotherapy, thus suggesting
that cells expressing high levels of geminin may be



more sensitive to radiotherapy. However no direct evi-
dence for this heightened sensitivity was presented.
We believe that our current study may be the first to
suggest an explicit effect of geminin expression on
the radiosensitivity of a cancer.

In both normal cells and cancer cells, as discus-
sed above, the geminin level is lowest and almost
absent in Gl-phase but is high in S-phase and G2-
phase and in the initial stage of M-phase. In cancer
cells, however, it has been reported that the over-
expression of geminin accelerates the cell cycle from
the Gl-phase to the S-phase, shortening Gl-phase
and reducing the number of cells in this phase, thus
leading to an accumulation of cells in S-phase.'® The
results of clonogenic survival assays clearly indicate
that cells synchronized at the M-phase or at the early
S-phase are the most radiosensitive, and cells in
Gl1-phase are comparatively radioresistant.*"** From
these observations, we propose that the higher the
expression of geminin, the higher the proportion of
cells in phases other than G1 of the cell cycle, result-
ing in higher radiosensitivity. Therefore, patients
who have high-grade astrocyioma patients with over-
expressed geminin have favorable outcomes after
surgery and radiation therapy.

Some limitations of this study should be ack-
nowledged. First, we used a retrospective design, and
a prospective study will be needed to confirm our
findings. Second, this was a small study that included
only 51 patients with high-grade glioma. Given the
postulated effect of a treatment modality, the relation
between geminin expression and outcomes when
other treatment modalities for brain tumor are in-
volved needs to be explored. Furthermore, we exam-
ined only the expression of geminin and MIB-1, and
the expression of other molecules, such as pl6, p53,
epidermal growth factor receptor, etc, may modify
the effect of geminin expression on these high-grade
tumors, In addition, we have not determined whether
the geminin in high-grade astrocytoma is a mutant
type or a wild type, and the effect of geminin on the
cell cycle of these malignancies may be altered
depending on this determination. Finally, it would
not be fair to conclude that geminin expression
improves radiosensitivity without using a comparison
group. We recommend radiotherapy for all of our
patients with high-grade glioma after they have
undergone surgery, according to the standard proto-
col for brain tumor management. Therefore, we did
not have a control group of patients who did not
receive radiotherapy for a comparison study.

In conclusion, the current results indicated that,
like what has been observed in other malignancies,
geminin is expressed highly in high-grade astrocytic

Geminin Expression in Malignant Gliomas/Shrestha et al.

tumors compared with low-grade astrocytic tumors.
However, higher expression of geminin in high-grade
astrocytomas indicates a more favorable outcome
and longer survival in patients who have received
radiotherapy after surgery as a standard treatment
protocol.

REFERENCES

1. Giangaspero F Burger PC. Correlations
composition and biologic behavior in the yinhlumml
multiforme. A postmortem study of 50 cases. Cancer. 1983;
52:2320-2333.

2. Nishitani H, Lygerou Z. Control of DNA replication licen-
sing in a cell cycle. Genes Cells. 2002;7:523-534.

3. Nishitani M, Taraviras 5, Lygerou Z, Nishimoto T. The
human licensing factor for DNA replication Cdtl accumu-
lates in G1 and is destabilized after initiation of S-phase.
J Biol Chem. 2001:276:44905-44911.

4. Eward KL, Obermann EC, Shreeram S, et al. DNA replica-
tion licensing in somatic and germ cells. J Cell Sci 2004;
117(pt 24):5875-5886.

5. McGarry T], Kirschner MW. Geminin, an inhibitor of DNA
replication, is degraded during mitosis. Cell. 1998,93:1043-
1053,

6. Hodgson B, Li A, Tada §, Blow ]). Geminin becomes acti-
vated as an (nhibitor of Cdtl/RLF-B following nuclear
import. Curr Biol. 2002;12:678-683,

7. Yoshida K, Takisawa H, Kubota Y. Intrinsic nuclear import
activity of geminin is fal to p re-initiation of
DNA replication in Xenopus eggs. Genes Cells, 2005;10:63-73,

8. Quinn LM, Herr A, McGarry Tl, Richardson H, The Dro-
sophila geminin homolog: roles for geminin in limiting
DNA replication, in anaphase and in neurogenesis. Genes
Deu. 2001;15:2741-2754.

9, Ballabeni A, Melixetian M, Zamponi R, Masiero L,
Marinoni F, Helin K. Human geminin promotes pre-RC for-
mation and DNA replication by stabilizing CDT1 in mito-
sis. EMBO J. 2004;23:3122-3132.

10. Kulartz M, Kreitz S, Hiller E, Damoc EC, Przybylski M,
Knippers R. Expression and phosphorylation of the replica-
tion regulator protein geminin. Biochem Riophys Res Com-
mun. 2003;305:412-420.

11. Bravou V, Nishitani H, Song SY, Taraviras S, Varalds ).

pression of the licensing factors, Cdtl and geminin, in
human colon cancer. Int ] Oncol. 2005;27:1511-1518,

12. Wharton SB, Hibberd S, Eward KL, et al. DNA replication
licensing and cell cycle kinetics of oligodendroglial tumors.
Br ] Cancer. 200419;91:262-269,

13 M ari M, Boni A, Faraglia B, et al. Increased

P of geminin stimul the growth of mammary
epithelial cells and is a frequent event in human tumors.
] Cell Physiol. 2005;202:215-222.

14. Wohlschlegel JA, Kutok JL, Weng AP, Dutta A. Expression of
geminin as a marker of cell proliferation in normal tissues
and malignancies. Am J Pathol. 2002;161:267-273.

15. Xourl G, Lygerou Z, Nishitani H, Pa:hni.s V. Nurse B
Taraviras S. Cdtl and inin are down lated upon
cell cycle exit and are wer—upmsed in cancer-derived cell
lines. Eur | Biochem. 2004,271:3368-3378.

16. Shetty A, Loddo M, Fanshawe T, et al. DNA replication
licensing and cell cycle kinetics of normal and neoplastic
breast. Br ] Cancer, 200528;93:1295-1300,

h 1ot




. Ashby LS, Ryken TC. Manag

CANCER March 1, 2007 / Volume 109 / Number 5

. Gonzalez MA, Tachibana KE, Chin SE et al. Geminin pre-

dicts adverse clinical outcome in breast cancer by reflect-
ing cell-cycle progression. J Pathol. 2004;204:121-130.

. Dudderidge T1, Stoeber K, Loddo M, et al. Mcm2, geminin,

and KI67 define proliferative state and are prognostic
markers in renal cell carcinoma. Clin Cancer Res. 2005;11:
2510-2517.

ent nr 1, 1 v‘l

steady progress with multimodal approaches. Neurosurg Focus.
2006,20:E3.

20.

21.

22,

129

Rainov NG, Soling A, Heidecke V. Novel therapies for
malignant gliomas: 8 local affair? Neurosurg Focus. 2006;
20:E9,

Hama S, Matsuura S, Tauchi H, et al. pl6 Gene transfer
increases cell killing with abnormal nucleation after ionis-
ing radiation in glioma cells. Br J Cancer. 2003:89:1802-
1811.

Terasima T, Tolmach L]. Variations in several responses of
Hela cells to x-irradiation during the division cycle. Bio-
phys J. 1963;3:11-33.




Reprinted trom JOURNAL OF NEUROLOGY, NEUROSURGERY AND PSYCHIATRY, July 2007, Vol 78, p 716-721

714

Clinical significance of preoperative fibre-tracking to preserve
the affected pyramidal tracts during resection of brain tumours
in patients with preoperative motor weakness
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Objective: To clarify the clinical usefulness of preoperative fibre-tracking in affected pyromidal tracts for
intraoperative monitoring during the removal of brain tumours from potients with motor weakness.
Methods: We operated on 10 patients with mild to moderate molor weakness caused by brain tumours
located near the pyramidal tracts under local ancesthesia. Before surgery, we performed fibre-tracking
imaging of the pyramidal tracts and then transferred this information to the neuronavigation system. During
removal of the fumour, motor function was evoluated with motor evoked potentials elicited by cortical/
subcortical electrical stimulation and with voluntary movement.

Results: In eight patients, the locations of the pyramidal tracts were esfimated preoperatively by fibre-
tracking; motor evoked potentials were elicited on the motor cortex and subcortex close fo the predicted
pyramidal trocts. In the remaining two patients, in which fibre-tracking of the pyramidal fracts revealed their
disruption surrounding the tumour, corfical/subcortical electrical stimulation did not elicit responses clinically
sufficient to monitor motor function. In all cases, voluntary movement with mild to moderate motor weakness
was extensively evaluated during surgery and was successfully preserved postoperatively with oppropriate
tumour resection.

Conclusions: Preoperative fibre-tracking could predict the clinical usefulness of intraoperdfive electricol
stimulation of the motor cortex and subcortical fibres (ie, pyramidal tracts) to preserve offected motor function
during removal of brain tumours. In patients for whom fibre-tracking failed preoperatively, awake surgery is
more appropriate fo evaluate and preserve moderately impaired muscle sirength.

number of anatomo-functional evaluations of the
pyramidal tracts have been developed to help preserve
motor function while maximising the removal of brain
tumours located in close proximity to the pyramidal tracts.
Integrated functional neuronavigation and preoperative neu-
roimaging, such as functional MRI (IMRI), magnetoencepha-
lography (MEG) and fibre-tracking, have been combined with
intraoperative electrical stimulation to establish the clinical
significance of the findings of each evaluation method."*
Despite these developments in mapping and monitoring
techniques, little is known about their clinical utility for
patients suffering from motor weakness caused by brain
tumours. As the tolerance of affected pyramidal tracts for
surgical manipulation is weaker in comparison with that in
patients without motor weakness, intraoperative evaluation
plays a critical role in the surgeon’s ability to maintain motor
function. Decreased motor function itself, however, may affect
the accuracy of intraoperative evaluation.

White matter fibre-tracking using diffusion tensor imaging is
capable of visualising the integrity of white marter.'*™"
Although fibre-tracking of the pyramidal tracts does not always
correlate with the degree of motor weakness, it does reflect the
functional condition of the fibres." To predict the clinical
usefulness of intraoperative evaluation by presurgical non-
invasive fibre-tracking imaging in patients with motor weak-
ness, we compared the results of pyramidal tract fibre-tracking
with the results of intraoperative direct electrical stimulation of
the motor cortex and subcortical fibres (ie, pyramidal tracis)
and spontaneous movements.

www, jnnp.com

130

PATIENTS AND METHODS

Patients

We examined 10 patients, aged 28-67 years, who suffered from
mild 1o moderate preoperative motor weakness due (o brain
tumours located close to the pyramidal tracts (table 1). The
tumours included five cases of glioblastoma multiforme, three
of anaplastic astrocytoma, one of diffuse astrocytoma and one
cavernoma. All lesions were located within the language
dominant frontal lobe; before operation, five patients had mild
motor aphasia. In response to stimulation of the bilateral
median and tibial nerves, scalp somatosensory evoked poten-
tials (SEPs) were recorded in all patients. To evaluate cortical
activity during voluntary movement, we evaluated finger/foot
tapping during fMRI and MEG studies.

MRI data acquisition and diffusion tensor imaging (DTI)
data processing for fibre-tracking and fibre-
tractography reconstruction

Detailed methods for fibre-tracking have been described else-
where.* " Preoperative DTl and anatomical T1/T2 weighted
volume imaging used a 3T MR scanner (Trio; Siemens,
Erlangen, Germany). T1 weighted volume data were obiained
using a three dimensional magnetisation prepared rapid
gradient echo (MPRAGE) sequence. T2 weighted volume data
Abbreviations: DTl, diffusion tensor imaging; fMRI, functional MRI; MEG,
magnetoencephalography; MEP, motor evoked potential; MPRAGE,
mognetisation prepared rapid qmd'mnr echo; ROI, region of interest; SEP,
some y evoked potenti
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Table 1 Clinical characteristics of the 10 patients

Pafient  Age

No ] Sex Histological type Location
1 &7 M Glioblasioma mulfiforme Left fronio-porietal
2 58 F Glisblostoma g fronto-insulo-temporo-porietol
3 53 M ) fronto-parietol
4 28 M mm"m Lekt fronto-parietal
5 40 F Glioblastoma multiforme Left frontal
[ 40 F Covernoma Left fronto-parietal
7 48 M Diffuse Left fronto-parietol
8 56 M Ancplosfic astrocytome Left frontal
9 60 F : Left fronto-insulo-temporal

10 50 M Gl multiforme Right fronto-parietol

were obtained using a three dimensional true fast imaging with
steady precession sequence. DtiStudio software was used to
perform fibre-tractography based on the fibre-assignment by
continuous tracking method.” '* Fibre-tracking was initiated in
both retrograde and orthograde directions according to the
direction of the principal eigenvector in each voxel. Results that
penetrated the manually segmented regions of interest (ROIs)
were assigned 1o specific tracts. To reconstruct the pyramidal
tract, two ROIs were segmented on axial b= 0 images: the first
ROl at the cerebral peduncles and the second ROI at the
precentral gyri.* * ' If the pyramidal tracts were not detected
between the two ROIs because of the presence of tumours, the
hyperintensity area at the internal capsule on the b= 0 image
was selected as the second ROL"

Fibre-tractography data processing for navigation
system

To convert tractography into a DICOM format dataset, three
processing steps were applied. The first siep was 1o change
tractography to a voxel dataset. An 8 bit voxel dataset with
binary contrast was created from the original tractography
using DtiStudio, with the same matrix size as b =0 images. In
this voxelised tractography, marked voxels where [ibre-tracts
penetrate displayed the largest value, and other voxels the
smallest ones."* The second step was to create merged images of
tractography and b = 0 images with the same matrix size as the
MPRAGE images. The 3-orthogonal coordinates of each voxel
in MPRAGE and b = 0 images were obtained from the DICOM
header information. Trilinear interpolation was applied for

voxel value calculation. Merged images were generated from
interpolated tractography and interpolated b = 0 images. The third
step was to convert merged images into DICOM format, according
1o the MPRAGE header information. DICOM format tractography
with the same imaging matrices as MPRAGE were obtained.

Preparation in the navigation system

The MPRAGE images, fast imaging with steady precession
images and DICOM format tractography images were trans-
ferred to the navigation system (StealthStation TRIA plus,
Medtronic Sofamor-Danek. Memphis, Tennessee, USA; or
Vector Vision Compact Navigation System, Brain LAB AG
Heimstetten, Germany) using Cranial 4.0/VV Cranial 7.5 soft-
ware, We then applied non-rigid image fusion based on a
mutual information algorithm using ImMerge/iPlan2.5 soft-
ware. The day before the operation, we performed axial whole
brain CT with a contiguous slice thickness of 1 mm and six
independent scalp point markers for anatomical registration.
The CT dataset was also input into the navigation system. CT,
MPRAGE and DICOM format tractography were automatically
registered; the anatomical registration points were verified to
minimise navigation errors. As the differences in distortion
between DTI and MPRAGE were within a few millimetres
according to a phantom for the neuronavigation sysiem, we
determined that the spatial accuracy of the single shot echo
planar sequence would be reliable; the potential error of the
navigation due to image distortions would be limited to a few
millimetres. At navigation setup, the accuracy of image
registration was less than 2 mm. Fibre-tracking tractography

Table 2 Results of evaluation of moter function by preoperative and intraoperative
assessments
No Motor weakness MEG MRl  SEP king  [cortex) (subcortex) surgery
1 Hand 4/5 x x x x o (unsioble] x o
Brocjium 3/5 x x x x % x °
leg 2/5 x x x ® x ® °
2 Hand, brocjium 1/5 = x x ® x ® °
leg 4/5 x x % X % ol<1 em) ]
3 Hond, brocjium 3/5 o o o ° o ol<lem) e
4 Hand 4/5 o o o o ° ol<lem) o
5 Hand 4/5 A, MNA o o ] o<l em) o
6 Hond 4/5 o o -] ° ° ol<! em) o
7 Hond, brocjum 4/5 NA o o o -] el<!) o
B Hand 4/5 NA NA o ° o x [>2 em) o
9 Hond 4/5 o NA o o o 2{l eme<2em) o
10 Hand 4/5 NA o o ] o x[lem<<Zem| o
MR, functionol mog imoging; phologrophy. MEP, moror evoked poeniol, NA, not
iloble; o, motor h ! d; SEP, Y P jols; x, motor funclion was undetected.
The di k paints of subcortical sfimulotion and the fibre-tracking pyromidal rocts are shown os less than
1 em (<1 em), betwsen | and 2 em (1 em<<2 cm) or more than 2 em (=2 em)
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Figure 1 Upper: preoperative T2 weighted MR in patient Nos 3, 5, 6, 7, B, 9 and 10, with brain tumours showing a hyperintense area that is close fo the
pyromidal tracts (red), identified by fibre-tracking. Lower: posioperative T2 weighted MRI demonstrated the extent of tumour removal. Posioperative fibre-
trocking in potient Nos 3, é and 9 revealed preservation of the pyramidal trects (red).

of the pyramidal tracts between the cerebral peduncle and the
precentral gyrus was successful in 50 surgically treated brain
tumour patients without motor weakness (data not shown).

Intraoperative electrical stimulation

The bilateral abductor pollicis brevis, biceps brachialis, deltoid,
gastrocnemius, quadriceps femoris and tibialis anterior muscles
were chosen for electromyogram recording using neurological
monitoring (Epoch XP, Axon Systems, New York, USA). After
induction, general anaesthesia was maintained by intravenous
infusion with propofol for craniotomy. Muscle relaxants were
administered only for intubation and were not continued
during surgery. The highest N20-P20 phase reversal of cortical

Cortex

SEPs was recorded using 4 x5 subdural electrodes to identify
the central sulcus. If SEPs were not sufficient to define the
central sulcus, intraoperative visual inspection of the sulci
combined with neuronavigation was used to orent the
anatomy. After discontinuing the propofol infusion, patients
awoke without further deficits

To monitor motor function of the corticospinal tracts
electrophysiologically, we first stimulated the precentral gyrus
to identify a positive control motor evoked potential (MEF) and
the intensity appropriate to stimulate subcortical fibres. The
intensity of cortical stimulation was increased from 5 mA to a
maximum of 25 mA. If afterdischarges were induced, we
repeated the test at the same intensity or using a | mA lower

[20 pv

10 msec

Subcortex

Figure 2 Patient No 4 hod o left fronto-parietal glichlostoma multiforme. (A) Precperative {ib!evhucking identified symmaetrical pyramidal trocts {red lines)
from the corfex to the cerebrol peduncles. (B) Brain T2 weighted MRI revealed o hyperintense area in close proximity io the left pyramidal tract, identified by
fibre-tracking (red). Cortical stimulation of the left precentral gyrus, which hod been defined by & somatosensory evoked potential, elicited @ motor evoked
potential (MEP) in the right abductor pollicis brevis muscle (Corfex). During remeval of the tumour, subcortical stimulation elicited MEPs ot the bottom of the
tumour (infersection of the yellow lines in the introoperative navigation image), 1 cm from the edge of the predicted pyramidal tract (red) [Subcortex). To
avoid cousing additional neulo|og'icr1| deficits, no further removal was performed. (C) Postoperative T2 weighted MRI demonstrated preservation of the

pyramidal tracts identified by hbre-trocking (red).
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Fibre-tracking to preserve the affected pyramidal tracts

Figure 3 Patient No 1. Fibre-fracking of ﬁ\eﬂmmidul tracts was disrupted in @ 67-year-old man with a left fronto-parietal glioblastoma multiforme

Upper: preoperative T2 weighted MRI identih

a focus of hyperintensity in the left perirolandic region with gadolinium enhancement of the rostral

precentral cortex. Stimulation of the left cortex rarely elicited weak motor evoked potential (MEP) responses on the r'thl abductor pollicis bravis muscle

Subcortical stimuli, even on the approximated posterior bank of the precentral gyrus on neuronavigation (intersection o

the yellow lines in the infrooperative

navigation imoge), did not elicit MEPs. Middle: a relative anisotropy mor indicoted the principal eigenvector [green, onterior-posterior; red, right—eft; and

blue, inferior-superior). Fibre-tracking of the left pyramidal trocts [red
postoperative MRI with gadolinium enhancement

current. During removal of umour tissue within 2 cm of the
pyramidal tracts by intraoperative neuronavigation, we performed
repetitive subcortical electrical stimulations. Electrical stimuli
were applied across a relatively wide area to avoid any anatomical
shift caused by the tumour. Five trains of monophasic square
waves with a duration of 0.2 ms were applied. Current was
delivered by a pair of adjacent electrodes (3 mm in diameter) with
a centre-lo-centre inter-electrode distance of 1 cm.” A 50 Hz
electric current was delivered for language and sensory testing
Language functions were assessed by the reading of a paragraph,
spontaneous speech, naming and comprehension ac tivities."” We
confirmed the points of stimulation by visualisation using the
navigation system. In all patients, the minimum distances
between points of stimulation and the fibre-tracking pyramidal
tracts were measured using three dimensional MRI by intrao-

perative neuronavigation

Surgery
All patients underwent removal of their tumour under local
y integrated

anaesthesia using the combination ol tractog

functional neuronavigation and direct cortical/subcortical stim-
ulation. During removal of the tumours around the pyra
cts, motor function of all four extremities was continuously

manoecuvre test.”

lidal

tra

monitored using the muscle Language

ines) near the tumour was disrupted during its course to the cortex. Lower

function was evaluated using similar testing as that used for
electrical stimulation, depending on the location of the tumour
In three patients in whom part of the tumour extended into the
left angular gyrus, single digit multiplication was evaluated. All
procedures were approved by the ethics committee (No 542);
written informed consent was obtained from all patients. As
the presence of subcortical MEPs during resection of the
tumour is an important sign warning of permanent motor
weakness, we avoided further resection after obtaining the first

MEP response.'” *

RESULTS

Results of evaluation of motor function by preoperative and
intraoperative are summarised in
Preoperative fibre-tracking identified the pyramidal tracts of eight

kness

-

assessments table 2

patients, including seven with mild hand motor
{patient Nos 4-10) and one with
ser limb (patient No 3) (figs 1. 2). In all patients, MEPs
were elicited for all of the muscles evaluated, including the
weakened muscles, by electrical stimulation of both the precentral
gyrus and the subcortex within 1 cm of the pyramidal tracts,
identified by intraoperative functional neuronavigation. The
irming stable MEP responses

Motor function was either

1oderate motor weakness (3

5) of his

tumours were removed while con
by repetitive electrical stimulation
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Figure 4 Patient No 2. Lefi: fibre-tracking of the p
glioblastoma multiforme. Middle: during removal o
close to the predicted
MEPs of her affected ri

t lower extremities, but not her rig
identified by fibre-ir

ing [red] were preserved.

maintained or improved both during and after the operation. In
addition, we demonstrated preservation of the pyramidal tracts by
postoperative fibre-tracking (patient Nos 3, 4, 6 and 9).

In two patients (patient Nos 1 and 2), fibre-tracking of the
pyramidal tracts around the tumour failed. Patient No 1 (fig 3)
suffered from preoperative right hemiparesis (3/5 on the
brachium. 4/5 on the hand and 2/5 on the leg) because of left
fronto-parietal glioblastoma multiforme. Cortical SEPs exhib-
ited weak responses on stimulation of the right median nerve;
no response was observed after stimulation of the right tibial
and sural nerves. Cortical stimulation of the anatomically
confirmed precentral gyrus by neuronavigation elicited a rare
MEP in his abductor pollicis brevis muscle; no MEPs were
elicited in his biceps brachialis, deltoid, gastrocnemius, quad-
riceps femoris or tibialis anterior muscles. Neurological
examinations soon after the patient recovered from general
anaesthesia demonstrated no additional deficits. As the tumour
was removed piece by piece, continuous evaluation of muscle
sirength helped preserve motor function of the lower extre-
mities and improve motor function of the upper extremities to
4/5. Subcortical electrical stimulation did not elicit MEPs at any
point during resection of the tumour. Patient No 2 (fig 4)
exhibited right hemiparesis (1/5 on the upper extremity and 4/5
on the leg) preoperatively, caused by a left fronto-insulo-
temporo-parietal glioblastoma multiforme. We operated on this
patient with the goal of preserving motor function of the lower
extremities. She also displayed mild motor aphasia, Cortical
SEPs could not be elicited. Despite the absence of MEP
responses following cortical stimulation of the wide area
surrounding the anatomically identified precentral gyrus by
neuronavigation, subcortical stimulation elicited MEPs of her
lower but not upper extremities. Through continuous evalua-
tion of muscle strength intraoperatively, motor function of the
lower extremities was preserved during removal of the tumour.
Postoperatively, she exhibited adequate removal of the tumour
without any further neurological deficits,

DISCUSSION

To maintain the quality of life of patients with motor weakness
undergoing surgical treatment of brain tumours, it is essential to
evaluate motor function intraoperatively. The damage done to the
pyramidal tracts, however, may affect the results of the evalua-
tion. As MEPs elicited by direct intraoperative electrical stimula-
tion remain the most reliable index of motor function,”™ it is
important to predict if MEP responses will be elicited from the
alfected motor cortex and the pyramidal tracts during removal of
the tumour. Presurgical evaluations, such as the degree of motor
weakness (muscle swength). MEG, fMRIL positron emission
tomography, transcranial magnetic stimulation and fibre-tracking

WwWw, [NNpP.com
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amidal fracts (red lines) demonstrated disruption around a left fronto-insulo-temporo-parietal
the tumour, cortical stimuli did not elicit any motor evoked potentials {MEPs). Subcortical stimuli very
pyramidal tracts {red) on neuranaviﬁmiun (infersection of the yellow lines in an infraoperative navigation imoge), however, elicited
K t upper extramities. Right: Postoperative T2 weighted MRI demonstrated that the pyramidal tracts

are all potential candidates for predicting intraoperative MEP
responses.

In this study, the degree of preoperative motor weakness did
not always correlate with the incidence of intraoperative MEP
respanses. Muscles that were moderately affected by compres-
sion caused by the tumour elicited MEPs following cortical/
subcortical stimulation (patient No 3). a result that is
consistent with previous case reports.** MEP responses,
however, could not be elicited from only mildly affected
muscles in two patients (patient Nos 1 and 2). MEG, [MRI
and positron emission tomography images provide information
concerning motor function at the cortical, but not subcortical,
level. Repetitive voluntary movements are often necessary to
elicit motor evoked fields by MEG and bold effects by fMRIL
While preoperative scalp SEPs correlated with the incidence of
MEP responses in our patients, the results of SEP assessments
do not directly reflect motor function.

Fibre-tracking of the affected pyramidal tracts was first
compared with the incidence of intraoperative MEP responses
by direct cortical/subcortical electrical stimulation. Subcortical
MEPs were always clicited in regions in close proximity to the
pyramidal tracts that had been predicied by fibre-tracking in
patients with mild 10 moderate preoperative motor weakness.
In addition, continuous fibre-tracking of the pyramidal tracts
from the motor cortex to the cerebral peduncle indicated the
positive response of cortical MEPs. On the other hand, cortical
MEPs were never elicited as reliable responses in patients with
disrupted fibre-tracking pyramidal tracts. These data suggest
that preoperative fibre-tracking of the pyramidal tracts provides
anatomical information as well as functional information in
predicting the clinical usefulness of intraoperative cortical/
subcortical electrical stimulation

Several limitations to fibre-tracking as a preoperative evalua-
tion, however, should be mentioned. Selection of the seed ROIs
and the thresholding of fractional anisotropy, which define the
parameter of the algorithm used in the procedure, may
subjectively affect the errors in track trajectories.* ** In the
present study, individual muscle maintained various degrees of
motor activity preoperatively instead of disruption on the fibre-
racking pyramidal tracts, which may reflect the limitations of
fibre-tracking from technical errors and pathological conditions
Part of the pyramidal fibres tracking from the precentral gyrus in
lower convexity may fail to trace the precise course because the
pyramidal tract intersects with callosal fibres and the superior
longitudinal fasciculus at the level of the centrum semiovale.’ 7 ™
Lack of visualisation of some upper limb fibres would account for
some of the discrepancies between extent of weakness and ability
to visualise fibres. To compare the pyramidal fibres tracking and
MEP responses more precisely, taking intraoperative brain shift*
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into consideration, DTl image processing during the course of
surgery with the use of intraoperative MRI is needed.” ™" In
addition, individual pathophysiological factors resulting from the
brain tumours may affect the results of fibre-tracking,® " *» "
although it is controversial whether the tumour itself or
peritumoral oedema on the pyramidal tracts can be distinguished
by DTl metrics.™ ™ In the two such patients evaluated in this
study, preservation of motor function indicated that secondary
effects, such as oedema or mass effect, rather than tumour
infiltration, caused the motor deficits. Relatively large amounts of
peritumoral oedema in these patients compared with the other
eight patients might cause unsuccessful fibre-tracking of the
pyramidal tracts. Although a wide area was stimulated electrically,
a portion of the pyramidal tracts may have been shifted by
compression of the tumour. Further studies with a larger number
of patients will be necessary to study the physiological significance
of fibre-tracking of affected pyramidal tracts and to clarify the
clinical relationship between preoperative fibre-tracking and
intraoperative cortical/subcortical electrical stimulation. The
tendency for patients not to be operated on until they begin to
suffer from moderate motor weakness due to growing brain
tumours may, however, limit these studies. In addition, post-
operative fibre-tracking of the pyramidal tracts and neurological
status should be compared with the extent of tumour resection for
further verification of the clinical value of preoperative fibre-
tracking.

Despite the clinical utility of complete pyramidal rract fibre-
tracking in reliable MEPs of the motor cortex and pyramidal
tracts, disruption of estimated pyramidal tracts suggested that
electrical stimulation is insufficient to permit the preservation
of motor function during tumour removal. For patients with
mild to moderate motor weakness in whom pyramidal tract
fibre-tracking failed preoperatively, awake surgery would be
better suited to evaluate motor function by voluntary move-
ment during removal of the tumour. As awake surgery allows
spontaneous movements Lo be easily monitored continuously, it
would be useful for a subser of pathological conditions.™
During removal of a tumour under local anaesthesia, injuries
to motor associated areas must also be considered. Motor
weakness is not observed immediately after resection of the
supplementary motor area” whereas an injury to the negative
motor area after resection would cause an immediate and
transient disturbance in fine movement."”
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Clinical impact of integrated functional neuronavigation and
subcortical electrical stimulation to preserve motor function
during resection of brain tumors

NoBUHIRO MIKUNI, M.D., PH.D..! Tsuromu OKADA, M.D.,? RE1 ENATSU, M.D.,!

Yukio Miki, M.D., Pu.D..? Takasar HANAKAWA, M.D., Pu.D.;> SHiN-1cHI URAYAMA, PR.D.,
KEenNicHIRO KIKUTA, M.D., Pu.D., JuN A. TAKAHASHI, M.D., PH.D.,!

Kazuniko Nozaki, M.D., Pu.D.,! HIDENAO FUKUYAMA, M.D., Pu.D.;}

AND Nopuo Hasummoto, MLD., Pu.D.!

!Department of Neurosurgery, *Diagnostic Imaging and Nuclear Medicine, and 'Human Brain
Research Center, Kyoto University Graduate School of Medicine, Kyoio, Japan

Object. The authors evaluated the clinical impact of combining functional neuronavigation with subcortical electri-
cal stimularion to preserve motor function following the removal of brain tumors.

Methods. Forty patients underwent surgery for treatment of brain tumors located near pyramidal tracts that had been
identified by fiber tracking. The distances between the electrically stimulated white matter and the pyramidal tracts were
measured intraoperatively with tractography-integrated functional neuronavigation, and correlated with subcortical
motor evoked potentials (MEPs) and clinical symptoms during and after resection of the umors,

Motor function was preserved after appropriate tumor resection in all cases. In 18 of 20 patients, MEPs were elicit-
ed from the subcortex within 1 cm of the pyramidal tracts as measured using intraoperative neuronavigation. During re-
section, improvement of motor weakness was observed in two patients, whereas transient mild motor weakness oc-
curred in two other patients. In 20 patients, the distances between the stimulated subcortex and the estimated pyramidal

tracts were more than 1 cm, and MEPs were detected in only three of these patients following stimulation.
Conclusions. Intraoperative functional neuronavigation and subcortical electrical stimulation are complementary
techniques that may facilitate the preservation of pyramidal tracts around 1 cm of resected tumors.

Key Worps  +  pyramidal tract -«
motor function * neuronavigation

RESERVING motor function while maximizing brain

tumor resection is a major goal of neurosu . Pre-

surgical noninvasive functional imaging, including
positron emission tomography, functional MR imaging,
and magnetoencephalography, enables the visualization of
cortical arcas involved in motor function, and has been in-
tegrated into functional neuronavigation. Cortical and sub-
cortical functional connectivity can be clarified using intra-
operative electrical stimulation.® To define the subcortical
fibers from the primary motor cortex (the pyramidal tracts)
as well as to monitor their motor function, MEPs elicited by
direct electrical stimulation remain the most reliable index.
Despite the use of presurgical cortical functional mapping
and evaluation of MEPs, 7 1o 20% of patients with periro-
landic tumors suffer permanent motor weakness postoper-
atively, mainly due to resection of subcortical lesions near
the pyramidal tracts }44

Abbreviations used in this paper: CT = computed tomography:
DICOM = digital imaging and communications in medicine; DT =
diffusion-tensor; MEP = motor evoked potential; MPRAGE = mag-
netization prepared rapid gradient echo; MR = magnetic resonance;
ROI = region of interest.
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fiber tracking *+ motor evoked potential =

The fiber-tracking technique based on DT imaging
shows the 3D macroscopic architecture of fiber tracts '
%31 Recently, investigators have developed a new method
for anatomofunctional mapping, using tractography-inte-
grated functional neuronavigation combined with direct
fiber electrical stimulation (MEP recording)*'*** We have
reported on the use of this method by using 3-tesla MR
imaging.” To understand the clinical impact of this new
technique on motor outcome during the resection of brain
tumors located near the pyramidal tracts, we have direct-
ly compared the results of fiber tracking and subcortical
electrical stimulation during intraoperative neuronaviga-
tion. Neurological evaluations of motor function were per-
formed during the surgery and postoperatively.

Clinical Material and Methods
All procedures were approved by the ethics committee,
and written informed consent was obtained from all pa-
tients.
Patient History
We examined 40 patients, 15 to 69 years of age, with
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tmors located close to the pyramidal tracts. These tumors
included one pilocytic astrocytoma, 10 diffuse astrocyto-
mas, 14 anaplastic astrocytomas, eight glioblastomas mul-
tiforme, two oligodendrogliomas, one ependymoma, and
four cavernomas (Table 1). In all patients, the lesion mar-

ins were less than 2 cm from the pyramidal tracts identi-

ed by preoperative fiber tracking. Mild motor weakness
was observed preoperatively in five patients.

Diffusion-Tensor Data Acquisition and Processing for
Fiber Tracking

Detailed methods used in fiber tracking have been de-
scribed elsewhere by one of the authors.** A whole-body
3-tesla MR imager (Trio, Siemens) was used to perform
preoperative DT imaging as well as anatomical T,- and T,-
weighted volume imaging. The T,-weighted volume data
were obtained using a 3D MPRAGE sequence, and the T,-
weighted volume data were obtained using a 3D true fast
imaging with steady-state precession sequence.

Fiber Tractography Daia Processing for use in the
Navigation System

Fiber tracking was performed using all pixels inside the
brain (that is, with the brute force approach) and was begun
in both the orthograde and retrograde directions, according
to the direction of the principal eigenvector in each vox-
el. Results that penetrated the manually segmented ROIs
based on the known anatomical distributions of tracts were
assigned to those specific tracts. To reconstruct the pyrami-
dal tract using tractography, two ROIs were segmented on
axial non—diffusion weighted images: the first ROI at both
cerebral peduncles, and the second ROI at both precentral

1, 312631

In the process of converting tractography data into a
DICOM-format data set, three steps were used. In the first
step, tractography data were changed into a voxel data set.
Using DtiStudio software version 2.02 (H. Jiang, S. Mori:
Department of Radiology, Johns Hopkins University), an
8-bit voxel data set with binary contrast was created from
the original tractography data with the same matrix size as
non—diffusion weighted images. In this voxelized tractog-
raphy data set, marked voxels (where fiber tracts showed
penetration) showed the largest value, whereas other vox-
els displayed the smallest value.”

In the second step, tractographic images and non-diffu-
sion weighted images were merged, using the same matrix
size as that for MPRAGE images. The three orthogonal
coordinates of each voxel on MPRAGE and non—diffusion
weighted images were obtained from the DICOM header
information. To calculate voxel values, trilinear interpola-
tion was used. Merged images were generated from inter-
polated tractographic images and interpolated non—diffu-
sion weighted images.

In the third step, merged images were converted into
DICOM format according to the MPRAGE header infor-
mation. Tractography studies in DICOM format with the
same imaging matrices as MPRAGE studies were ob-
tained.

Preparation in the Navigation System

The MPRAGE images, fast imaging with steady-state
precession images, and DICOM-format tractography imag-
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TABLE |

Summary of the clinical characteristics
of 40 patients with brain tumors

Tumor Type & Location No, of Patients
histological type
pilocytic astrocytoma
diffuse astrocytoma
anaplastic astrocytoma
ghoblastoma multiforme
oligodendroglioma
ependymoma
cavernoma
anatomical location (rtlt)
frontal Jobe
temporal lobe
insular corex
parietal lobe
brainstem

P -

™

PESSE

es were transferred to the navigation system (StealthStation
TRIA plus with Cranial 4.0 software, Medtronic Sofamor-
Danek; or Vector Vision Compact Navigation System with
VV Cranial 7.5 software, BrainLab AG). We applied non-
rigid image fusion to the images using ImMerge or iPlan
2.5 software, based on a mutual information algorithm. The
day before the operation, we performed axial whole brain
CT with a contiguous slice thickness of 1 mm by attaching
six independent scalp point markers to the patient for ana-
tomical registration. The CT image data set was also trans-
ferred to the navigation system. Computed tomography im-
ages, MPRAGE images, and DICOM-format tractography
were registered automatically, and the anatomical regis-
tration points were verified to minimize navigation error.
The differences in distortions between DT imaging and
MPRAGE imaging were within a few millimeters ac-
cording to our study using a phantom for the neuronaviga-
tion system, and therefore spatial accuracy of the single-
shot echo planar sequence would be reliable. The potential
for error during neuronavigation due to image distortions
would be limited to a few millimeters. The accuracy of
image registration was within 2 mm at navigation setup.

Intraoperative Electrical Stimulation

The bilateral abductor pollicis brevis, biceps, brachialis,
deltoid, gastrocnemius, quadriceps femoris, and tibialis an-
terior muscles were selected for electromyographic record-
ing by using neurological monituring (Epoch XP, Axon
Systems). General anesthesia was induced and maintained
with intravenous infusion of propofol during the craniot-
omy. Muscle relaxants were administered only for intuba-
tion procedures and not during surgery. A peripheral nerve
stimulator was used to confirm train-of-four muscle con-
tractions, To identify the central sulcus, the highest N20 to
P20 phase reversal of somatosensory evoked potentials was
recorded using 4 X 5 subdural electrodes. For electrophys-
iologically monitoring the motor function of corticospinal
tracts, the precentral gyrus was first stimulated to identify a
positive control MEP as well as the intensity that was to be
further used to stimulate the subcortical fiber. The intensity
for cortical stimulation was increased by 1-mA increments,
from 5 mA to a maximum of 15 mA. If afterdischarges
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