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Fig. 3 Left proper orientation alignment is shown by parallel lasers on
the side face of the linear wire with infrared marker and sleeve attached.
Right experimental setup includes the laser guidance system with built-

point on the body surface or a target point inside the body.
Using calibrated C-arm parameters described in the C-arm
calibration section, this 2D plan is projected starting from
the imaging device’s pinhole and along its ray-lines to obtain
a plane with normal vector n; in 3D space. This plane is
formulated in CS¢ (Eq. 1) and transformed for use in CSg

(Eq. 2)

1
fluoro Tplane = f (Tcalibration, TplanZD) ey
j -1 1
subject Tplane = Tsubject Tfluor()f uomTplane (2)

Following Fig. 2, two 2D plans from two sets of inputs yield
two planes, planey and plane;, in the 3D navigation space.
The normal vectors of plane; and planey are n; and ns,
respectively. The intersection of two planes yields a line in
3D space and is described by the point P;,; and vector u;,;.
The directional vector, iy, is the cross products of n; and
ny. The point P;,, in 3D space is calculated by projecting
points P; and P; into lines in 3D space and finding the point
at which these projected lines traverse. This intersection line
described by P;,; and u;,, represents the insertion path in 3D
space.

If three sets of inputs are used, three 2D plans are
made to give three planes in 3D space. This gives rise to
three very similar intersection lines in 3D space with
3D points {Pins1, Pin2, Pine3} and 3D directional vectors
{Uins1, hins2, ine3}. Simple algebraic regression of these
three lines is performed to obtain a line of best fit. A cir-
cle is fitted t0 Pips1, Pinr2, and Pp3. We define Py, as the
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in optical tracking capabilities, a flat surface, a fluoroscopic C-arm, and
a phantom. Infrared markers are used to locate the C-arm and phantom

center of this circle. Vector averaging of u;us1, Uin, and
Uins3 yields u,.,. The regressed line represents the optimal
tool insertion path (Eq. 3). This optimal insertion path is
expressed by subject Tpian3p and stored in CSg. Thus, it is
robust toward any movements of the surgical object. The
z-axis of the matrix corresponds to u,.,. Following Eq. (4),
subject Tpian3p is transformed from CSg into the localizer-
laser coordinate systems. Next, this insertion path is pro-
jected by the laser sources. Finally, surgical navigation by
laser guidance is achieved.

bject
subjec Tplan3D
bject bject bject
=f2 (xu ec Tplanel, subrec TplaneZ, subjec Tplane3) 3
1 -1 bject
aseerl(m = TlaserTsubjectsu Jec TplanBD C))

C-arm calibration

Although the Siemens Arcadis Orbic C-arm is iso-centric and
has 3D cone-beam reconstruction capabilities, we operated
it under the Digital Radiography mode to better resemble an
ordinary fluoroscopic X-ray. This system is serviced peri-
odically and has a built-in geometric distortion correction
function; consequently, additional distortion correction cal-
ibrations were not implemented. Accordingly, we assumed
the C-arm to be a pinhole camera without distortion. A dou-
ble-ring C-arm calibration phantom similar to that described
by Livyatan et al. [22] but with 137 embedded fiducial
steel ball bearings was used. We applied a cluster detection
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algorithm, similar to that proposed by Cho et al. [23], to
extract 2D positions of the ball bearings from X-ray images
for calibration. Finally, we calculated C-arm intrinsic and
extrinsic parameters by relating image pixels to 3D real-
world points via equations previously proposed by Yakimov-
sky et al. [24] and Tate et al. [25]. The intrinsic (focal lengths
and image-center point) and extrinsic (3D location of the
image device pinhole) parameters are used for surgical plan-
ning.

Accuracy evaluation

Guidance accuracy was validated by tracking the position of
a linear wire (length, 150 mm; diameter, 3 mm), which repre-
sented the desired surgical tool insertion path and the surgi-
cal tool itself. An infrared marker was attached for position
tracking. Proper tool orientation alignment was indicated by
parallel laser beams on side of the linear wire (Fig. 3) [15].
A guidance sleeve was also attached onto the linear wire to
enlarge the wire’s radius to better view projected laser lines.

We created a virtual coordinate system on a flat surface
with its z-axis normal to the surface. We used a three facto-
rial Box—Behnken (BB) experimental design method [26] to
create 15 validation trials with different ground truth inser-
tion path. These paths were each represented by a 4-by-4
transformation matrix. BB design factors and levels were
as follows: xy-direction (—50/50, 0, 50/50 mm), polar angle
(=30, 0, 30°), and azimuthal angle (—30, 0, 30°). Surgical
planning was conducted using two 2D images taken at 90°
angles for planning and three 2D images taken with 45° angle
differences.

For each validation trial, the following procedure was per-
formed. First, the ground truth insertion path was shown by
the dual lasers in 3D space. The infrared attached linear wire
was placed according to the lasers. Using this initial linear
wire position, 2D images were taken for planning. The linear
wire was removed while planning was performed. Once the
3D insertion path was generated, the laser was turned on. The
linear wire was repositioned using guidance by laser. Final
linear wire position was recorded once parallel laser beams
were observed on the guidance sleeve. Proper alignment of
linear wire with the laser beams required matching of five
positional coordinates: the x yz translational coordinates, the
polar angle (6), and the azimuthal angle (). The transla-
tional coordinates measured the laser’s accurate Cartesian
positioning of the insertion point. The two angles were used
to determine alignment of the surgical tool during insertion,
also referred to as insertion orientation.

Pin insertion using phantoms

The feasibility of the proposed system was tested by mim-
icking percutaneous guidewire insertion procedures com-

Fig. 4 A phantom of the human right femoral bone and soft tissue. Ped-
icle screw insertion experiments were performed on 3 phantoms. The
material used to mimic soft tissue can be freely relocated depending on
the desired location of insertion

mon in fracture repair surgeries (Fig. 3). In this experiment,
we inserted a total of 6 guidewire into 3 phantoms (Fig. 4)
using commercially available orthopedic surgical tools from
MicroAire. Bone structure and soft tissue were made of paint
thinner coated plastic femur bone phantoms (SAWBONE:s;
SAWBONE Inc., USA) and polyvinyl chloride (Ludlow
Composites, USA) of 30 mm thickness, respectively (Fig. 4).
Realistically, bone and skin are not rigidly attached; thus,
polyvinyl chloride was used to distort the actual location of
the bone (Fig. 5). The patient coordinate system, CSg, was
created using an infrared marker attached to the sawbone.

Three X-ray images of the phantom were taken with angle
difference of 45°. Insertions were separated into two catego-
ries: with anatomical landmark or with artificial landmark.
In the former case, intramedullary nail insertion through the
femoral head was performed. The shape of the femoral head
acted as the anatomical landmark, and insertion plans were
made through the center of the femoral head. In cases lack-
ing anatomical landmarks, such as in bone reduction sur-
geries where insertions are made perpendicular to the bone
shaft, artificial landmarks are provided. In our experiments
requiring landmarks, a surgically used Kirschner (K) wire
(MicroAire, Charlottesville, USA) placed perpendicular to
the femur shaft of the phantom acted as the artificial land-
mark. The K-wire is linearly shaped, similar to the linear wire
used for accuracy evaluation. We performed surgical plan-
ning referencing this K-wire. Upon completion, lasers were
turned on and a guidewire was inserted. Each inserted guide-
wire was measured by locating its tip, the contact point with
the phantom surface, and its end with an optically tracked
stylus. Specifically, tip was calculated using three points on
the guidewire circumference. Position and orientation errors
were then given as the difference between each planned inser-
tion and the final guidewire position in physical space.

_@_ Springer
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Fig. 5 Top laser being projected onto the phantom (femoral head can-
not be visualized). Middle guidewire completely inserted into the phan-
tom; proper orientation is indicated by parallel lasers. Bottom lasers
being projected onto the bone after the removal of the soft tissue mate-
rial and inserted guidewire

Results
Navigation accuracy

Fluorolaser accuracy validation looked at the displacement of
relative tip locations between planed 3D insertion path, ini-
tial linear wire position, and final linear wire position. Since
the binary lasers cannot indicate insertion depth, we report
only the system’s lateral errors. In particular, we calculated
the difference in tip positions in a plane that is perpendicu-
lar and intersects the initial linear wire tip (Fig. 6). Planning
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Fig. 6 The black needle represents the initial linear wire position; the
white needle is the final linear wire position; and the green line is the
planned insertion path in 3D space. Guidance error looks at the angular
and positional differences between the initial and final needle positions.
Planning error looks at the angular and positional differences between
the initial needle position and planned insertion line
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Fig. 7 Position and orientation errors shown in blue and red, respec-
tively. Results include accuracies for 2-image planning, 3-image plan-
ning, and 3-image guidance

accuracy refers to the error between actual insertion path
and user-determined insertion path. A transformation matrix
describing the user-generated 3D insertion path was obtained
with its origin at the insertion point. Guidance accuracy refers
to the error of the overall system. The two ends of the lin-
ear wire were registered to the attached AdapTrax marker.
Thus, initial and final linear wire tip positions and orientation
vectors in the world coordinate were obtained using simple
transformation.

The results of the 15 validation trials are presented in
Fig. 7. Planning accuracy of the system using two 2D images
for planning was found to be 6.17 &+ 4.68 mm, 4.53 & 1.24°.
Accuracy using linear regression of three 2D images for plan-
ning was found to be 2.32 4+ 1.74 mm, 2.28 &+ 1.19°. There
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Table 1 Experimental results using physical space evaluation

Femoral shaft insertion Femoral head insertion

Mean 2.05 (mm) 1.91° 2.12 (mm) 2.26°
SD 0.09 (mm) 0.70° 0.31 (mm) 2.26°
RMS 1.71 (mm) 1.73° 2.13 (mm) 2.26°

is a significant improvement in both position and orientation
accuracy with the use of three images (P value: 1.06 x 1072
and 1.21 x 10~ for position and orientation, respectively).

Using three images, the RMS error of position and
orientation accuracies was 2.86mm and 2.55°, respec-
tively. The overall guidance RMS error with the use of
three 2D images was found to be 2.67mm and 2.72°
(2.40 £+ 1.23mm, 2.39 £ 1.34°). Moreover, Box-Behn-
ken surface response analysis showed that no single fac-
tor in the 15 different three-factor three-level combinations
(xy: — 50/50, 0, 50/50 mm; polar: —30, 0, 30°; azimuthal:
—30, 0, 30°) contributed significantly more to the planning
and guidance errors.

Phantom feasibility

We performed percutaneous guidewire insertion experiments
using 3 sawbone phantoms for a total of 6 insertions: 3 per-
pendicular to the femur shaft and 3 through the femoral head.
We performed feasibility analysis visually as well as by com-
paring the planning matrix and the final inserted guidewire
position. A summary of the lateral errors is shown in Table 1.
We obtained an RMS error of 1.71 mm and 1.73° for femoral
shaft insertions using artificial landmark. Femoral head inser-
tion using anatomical landmark (Fig. §) yielded RMS error
of 2.13 mm and 2.26°. Differences between femoral head and

shaft insertions were not significant. Max error between all
6 insertions was 2.35mm, 2.63°.

Visually, we observed parallel laser lines on the refer-
enced K-wire in trials where artificial landmarks were used.
The average overall operation time from image acquisition
to insertion completion per insertion was less than 10min.
Average time for planning was 1 min and 8 s, where planning
using anatomical landmarks took on average 1 min and 255
and trials with artificial landmarks took 51s. Drilling and
insertion of the guidewire was the most time-consuming step
in the entire operation.

Discussion

The Gertzbein and Robbins pedicular screw placement clas-
sification [27] is commonly used to evaluate accuracies of
spine surgeries [28,29]. Using these standards, we conclude
that navigational systems design for orthopedic percutane-
ous surgeries using 2D images can be considered precise
and accurate when position and orientation errors are within
2mm and 2°. Greater errors are allowed for long bone frac-
ture reduction [30].

Using the fluorolaser navigation system, surgical out-
comes can be affected by navigation accuracy and execu-
tion accuracy. The latter includes accuracies related to laser
beam projection and surgical tool placement by the surgeon,
both of which have been validated previously [15,20,21]. In
this study, we evaluated the planning (navigation) error and
overall guidance error of the system using a Box-Behnken
surface response experimental design. We evaluated the lat-
eral positioning error by computing the 2D difference of
tip positions in a plane that is perpendicular to and inter-
sects the insertion plan. Ideally, this tip represents the target
point such as the femoral bone or spine. Our results indicate

Fig. 8 X-ray images of a phantom containing the femoral head and soft tissue. Left X-ray image with insertion plan line shown in green. Center
X-ray image of the phantom after pin insertion. Right overlay of insertion plan onto the center image
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that while the accuracies are acceptable, the current system
is not yet robust enough for clinical usage due to the high
standard deviation. Furthermore, planning accuracy is lim-
ited by the C-arm fluoroscope calibration technique as well
as user-based insertion path planning procedure. In the cur-
rent calibration protocol, 100 fiducial marker positions in 2D
and 3D were obtained via image processing and calculations,
respectively. Compared with the laser guidance system using
CT-based navigation, which had a phantom guidewire inser-
tion RMS error of 1.39mm, 1.03° [15], future calibration
protocol should consider the increase in fiducial count or the
use of multiple phantom images taken from different posi-
tions to improve system accuracy. Also, the current study
took X-ray C-arm images only in one C-arm rotational plane.
Future studies should consider the effects of relative C-arm
positions toward accuracy.

The current planning procedure requires the aid of struc-
tural landmarks present on the X-ray image. This is the key
to simplifying the interpretation of 3D positions from 2D
images. However, anatomical landmarks may not always be
available for all types of surgeries. Although no significant
differences are detected between insertions made with and
without anatomical landmarks, additions should be made
onto the current system to ensure a simple and efficacious
planning procedure. We intend to introduce artificial land-
marks in the form of radiopaque stickers to be attached onto
the patient skin. Nevertheless, the planning interface can be
modified accordingly depending on the specific surgical task
required.

We performed phantom experiments to validate the capa-
bilities of percutaneous pin insertion procedures. Intraoper-
atively guidance was intuitive and insertion procedures were
not interfered by the surrounding environment. Although
fracture reduction surgery was one of the targeted surgical
procedures of the original laser guidance system, we were
unable to perform reduction experiments using the improved
fluorolaser system. This was because relative insertion posi-
tions are essential in fixation-based reduction [31]. Future
works should investigate other methods, such as visual ser-
voing [32], to apply this new system into reduction surgeries.
Furthermore, this study focused on orthopedic percutaneous
surgeries; however, use of the dyna-CT function in X-ray C-
arms may allow the proposed system to be useful in surgeries
involving linear insertions into soft tissues.

Another future requirement is the introduction of insertion
depth guidance. Depth guidance may be achieved using addi-
tional X-rays or attaching positioning trackers onto the tool.
The former method would increase radiation exposure, while
the latter introduces specialized surgical tools that limit the
range of motion of surgeons during interventions. Another
approach is to introduce additional mechanisms such as a
physical stopper, a physical depth guide, or a depth guidance
ring onto the surgical tool and surgical drill. Some surgical
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procedures currently use these types of tools. Also, a third
laser source may also be a viable method that can guide depth
without additional visualization mechanisms. Without addi-
tional mechanisms, this fluorolaser navigation system can
only be used for surgical procedures that use surgical drills
with depth guidance rings on their shaft. Nevertheless, addi-
tion of depth guidance may widely expand the applicable
areas of our method.

Moving away from the conventional surgical navigation
systems, we have presented the fluorolaser system, which
allows navigated surgeries to be performed simply by align-
ing surgical tools at the crosshair of two laser beams. Surgical
planning is performed using three X-ray images as opposed to
complete CT. The system does not require surgeons to obtain
navigation information from a secondary display source. This
system does not require specialized or tracked surgical tools;
it can thus be easily integrated into many surgical envi-
ronments. Although this system is an improvement to con-
ventional systems, future improvements and clinical assess-
ments are necessary to fully validate its robustness in actual
surgeries.

Conclusion

In conclusion, we have proposed the fluorolaser navigation
system, which combines the fluoroscope-based navigation
and laser guidance techniques to enable intuitive positioning
of linear surgical tools to be inserted in percutaneous sur-
geries without preoperative CT/MRI volumes. Specifically,
in vitro needle insertion path planning and phantom pedicle
screw insertion experiments were performed using three 2D
X-ray images from a C-arm and two laser beams for insertion
guidance. Since the binary lasers cannot indicate insertion
depth, we report only the system’s lateral errors. Experimen-
tal results demonstrate that the fluorolaser navigation system
has great potentials to ensure accurate and intuitive surgi-
cal tool insertion procedures without preoperative CT/MRI
volumes and registration processes.
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Abstract

Purpose Glioblastoma (GBM) is one of the worst cancers
in terms of prognosis. Standard therapy consists of resec-
tion with concomitant chemoradiotherapy. Resistance to
nimustine hydrochloride (ACNU), an alkylating agent, has
been linked to methylguanine DNA methyltransferase
(MGMT). Daily administration of procarbazine (PCZ) has
been reported to decrease MGMT activity. This study
investigated the efficacy of ACNU + PCZ compared to
ACNU alone for GBM and anaplastic astrocytoma (AA).
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Methods Patients (20-69 years) who had newly diagnosed
AA and GBM were randomly assigned to receive radiother-
apy with ACNU alone or with ACNU + PCZ. The primary
endpoint was overall survival (OS). This was designed as a
phase II/IIT trial with a total sample size of 310 patients and
was registered as UMIN-CTR C000000108.

Results  After 111 patients from 19 centers in Japan were
enrolled, this study was terminated early because tem-
ozolomide was newly approved in Japan. The median OS
and median progression-free survival (PFS) with ACNU
alone (n=55) or ACNU + PCZ (n=56) in the
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intention-to-treat population were 27.4 and 22.4 months
(» =0.75), and 8.6 and 6.9 months, respectively. The
median OS and median PFS of the GBM subgroup treated
with ACNU alone (n = 40) or ACNU + PCZ (n = 41)
were 19.0 and 19.5 months, and 6.2 and 6.3 months,
respectively. Grade 3/4 hematologic adverse events
occurred in more than 40 % of patients in both arms, and
27 % of patients discontinued treatment because of adverse
events.

Conclusions The addition of PCZ to ACNU was not
beneficial, in comparison with ACNU alone, for patients
with newly diagnosed AA and GBM.

Keywords Glioblastoma - Anaplastic astrocytoma -
Nimustine - ACNU - Procarbazine - MGMT

Abbreviations

GBM Glioblastoma

AA Anaplastic astrocytoma
ACNU Nimustine hydrochloride
BCNU Carmustine

TMZ Temozolomide

MGMT  Methylguanine DNA methyltransferase
WHO World Health Organization
PES Progression-free survival
oS Overall survival

RT Radiotherapy

HR Hazard ratio

AE Adverse event

ND Not determined

M. Nagane - K. Kobayashi
Department of Neurosurgery,
Kyorin University Faculty of Medicine, Tokyo, Japan

H. Nakamura - T. Ito
Department of Neurosurgery,
Nakamura Memorial Hospital, Hokkaido, Japan

T. Yazaki - H. Sasaki
Department of Neurosurgery,
Keio University School of Medicine, Tokyo, Japan

K. Tanaka
Department of Neurosurgery, St. Marianna University
School of Medicine, Kanagawa, Japan

H. Takahashi
Department of Neurosurgery, Brain Research Institute,
Niigata University, Niigata, Japan

A. Asai

Department of Neurosurgery,
Saitama Medical Center, Saitama, Japan

T. Todo
Department of Neurosurgery, University of Tokyo, Tokyo, Japan

@ Springer

CR Complete response
PR Partial response
SD Stable disease

PD Progressive disease
WBC White blood cell

3D-CRT Three-dimensional conformal radiotherapy
CT Computed tomography

IMRT Intensity-modulated radiation therapy

BEV Beam’s eye views

DVH Dose—volume histograms

GTV Gross tumor volume

CTV Clinical target volume

PTV Planning target volume

ICRU International Commission on Radiation Units
FLAIR  Fluid-attenuated inversion recovery

OAR Organ-at-risk

Introduction

Glioblastoma (GBM) is one of the worst cancers in terms of
prognosis, with almost all patients experiencing progression
without cure. According to the report of the Brain Tumor
Registry of Japan, the %5-year survival of World Health
Organization (WHO) grade IV GBM is 6.9 % and that of
WHO grade III anaplastic astrocytoma (AA) is 33.9 % [1].
Standard therapy against GBM consists of the maximal
resection that is safely possible, with concomitant chemo-
radiotherapy. Currently, temozolomide (TMZ) is the
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standard agent used in the treatment of GBM. However,
before the TMZ era, nitrosourea had been widely used for
GBM and AA. The Glioma Meta-analysis Trialists Group
described that chemotherapy including nitrosourea showed
significant prolongation of survival, with a hazard ratio of
0.85 (p < 0.0001) [2].

Nimustine hydrochloride (ACNU) was developed in
Japan, and for more than 20 years since 1980, it has been
the standard chemotherapeutic agent against gliomas [3].
Wolff et al. [4] analyzed 364 studies, including a total of
24,193 patients with high-grade glioma, and reported that
the survival gain in the 15 ACNU-treated cohorts was
8.9 months, compared to those who received different
drugs or no chemotherapy. Takakura et al. [5] reported that
the overall survival (OS) of AA and GBM treated by
radiotherapy (RT) and concomitant - ACNU were 36 and
12 months, respectively. Furthermore, the response rate of
a more than 50 % reduction in tumor size was 46.2 % in
both AA and GBM. Alkylating agents, including ACNU
and procarbazine (PCZ), confer cytotoxic effects on glioma
cells by alkylation at the O%-position of guanine in DNA.
This results in the formation of DNA cross-links [6].
Methylguanine DNA methyltransferase (MGMT) removes
methylation damage induced by nitrosourea from the
OS-position of DNA guanines before cell injury, and this
enzyme was detectable in 76 % of glioma tissues [7].
MGMT in glioma cells is a primary defense against
nitrosourea, but the cellular methyltransferase activity of
MGMT is exhausted after MGMT takes effect. Daily
administration of PCZ for 10 days was reported to cause
the accumulation of O°-methylguanine; it also decreased
MGMT activity in rat liver [8] and lymphocytes in lym-
phoma patients [9]. Inhibition of MGMT by 0°-benzyl-
guanine increased the cytotoxicity of TMZ and carmustine
(BCNU) to tumor cells [10]. From these results, it can be
predicted that daily administration of PCZ, by depleting
MGMT activity, will increase the efficacy of ACNU
against AA and GBM.

To prove this hypothesis and establish a more potent
standard therapy for AA and GBM, the Brain Tumor Study
Group of the Japan Clinical Oncology Group (JCOG)
conducted this clinical trial. The study was terminated at
the end of the phase II part. The current report describes the
final outcome of the study.

Subjects and methods
Patient eligibility criteria
Patients aged 20 to less than 70 years of age who had

newly diagnosed and histologically proven supratentorial
GBM or AA were eligible for this study. Patients were

enrolled between 3 and 14 days after their operation. To be
eligible, a patient’s preoperative MRI had to show that
more than 50 % of the tumor was located in supratentorial
areas, except the optic nerve, olfactory nerve, or pituitary
gland. Eligible patients had Eastern Cooperative Oncology
Group (ECOG) performance status (PS) of 0-2 or 3 (only
in cases with neurologic symptoms caused by a tumor) and
adequate hematologic, pulmonary, renal, and hepatic
function, defined as follows: white blood cell (WBC) count
>3.0 x 10°/mL, hemoglobin level >8.0 g/dL, platelets
count >1.0 x 10%mL, aspartate transaminase (AST) level
<100 IU/L, alanine transaminase (ALT) level <100 IU/L,
serum creatinine level <1.0 mg/dL. Additionally, written
informed consent was obtained from all the participating
patients. We excluded patients with multiple or dissemi-
nated tumors or large tumors in which the planned target
volume for irradiation exceeded 1/3 of the whole-brain
volume. Additionally, we also classified as ineligible any
patient who was pregnant, had meningitis, pneumonia,
diabetes mellitus with insulin injection, myocardial
infarction, or unstable angina pectoris within the last
3 months, mental disorders, a history of pulmonary fibrosis
or interstitial pneumonia, or other forms of active cancer
occurring within 5 years of treatment. The study protocol
was approved by JCOG Protocol Review Committee and
institutional review board at each center.

Treatment

After the confirmation of the eligibility criteria, registration
was made by telephone or fax to the JCOG Data Center.
Patients were randomized within 14 days of surgery to
either ACNU with RT (the control arm, A) or to
ACNU + PCZ with RT (the experimental arm, B)
(Fig. la) by a minimization method with adjustment fac-
tors consisting of histology (GBM vs. AA), age (younger
than 60 vs. 60 years or older), residual tumor (presence vs.
absence), and institution. Residual tumor was assessed
using a gadolinium-enhanced MRI obtained within 72 h of
the surgery.

Radiotherapy with concomitant chemotherapy was
started within 3 weeks after the surgery. Patient positioning
and immobilization with an individual head mask and
computed tomography (CT)-based planning were required.
Treatment was delivered using linear accelerators with
nominal energies >4 MV. Intensity-modulated radiation
therapy (IMRT) technique was not permitted. All fields
were to be treated every day. Three-dimensional conformal
radiotherapy (3D-CRT) planning including the use of
beam’s eye views (BEV) and dose-volume histograms
(DVH) were recommended for volumetric dose evaluation.
Quality assurance reviews were done at the Radiotherapy
Support Centre in Tokyo, Japan, with feedback sent to each
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A Glioblastoma (GBM)
Anaplastic Astrocytoma (AA)
I

l Operation |

Randomization
AA/GBM, Institution,
Age (<60y0/260), Residual tumor (+/-)

ArmA Arm B

ACNU ACNU+PCZ
GBM 40 GBM 41
AA 15 AA 15

[ RT 60Gy+PCZ-ACNU x 2 |

RT 60Gy+ACNU x 2

[ ACNUx12cycles |

| Pcz.ACNUx 12 cycles |

RADIOTHERAPY 60Gy

ACNU 80mg/m? iv

RADIOTHERAPY 60Gy

Weeks
PCZ Day 1-10

———— P

80mg/m? Day 8
ACNU 80mg/m2 iv

Fig. 1 a Study design of JCOG 0305: RT + ACNU versus RT +
ACNU + PCZ; 40 patients with GBM and 15 patients with AA were
assigned to arm A, and 41 patients with GBM and 15 patients with
AA were assigned to arm B. b Treatment schedule of RT + ACNU
(Arm A) and RT + ACNU + PCZ (Arm B)

Day 36-45

Day 43
ACNU

institution by the radiotherapy study coordinator (Minako
Sumi). The minimum and maximum dose to the PTV
should be comprised between 95 and 107 % of the Inter-
national Commission on Radiation Units (ICRU) reference
point dose. The gross tumor volume (GTV) was defined as
the primary tumor with or without enhancement on CT or
magnetic resonance imaging (MRI). The clinical target
volume 1(CTV1) included GTV, the resection cavity and
surrounding edema (high-intensity area on T2-weighted or
fluid-attenuated inversion recovery (FLAIR) image) plus a
1.5-cm margin. The CTV2 included GTV and the resection
cavity plus a 1.5-cm margin. Planning target volume (PTV)
was defined as CTV plus a margin of 0.5 cm or more. The
doses for PTV1 and PTV2 were 50 and 10 Gy, respec-
tively. The protocol required contouring organ-at-risk
(OAR), including optic chiasm, brain stem, and retina.
Cumulative doses to the optic chiasm and brainstem were
limited to a maximum dose of 50 and 45 Gy for the retina.

In the control arm A, 80 mg/m* of ACNU was admin-
istered intravenously on days 1 and 36 during RT (Fig. 1b).
In the experimental arm B, 80 mg/m* of oral PCZ was
administered daily from days 1 to 10 and days 36 to 45, and
given together with intravenous ACNU (80 mg/mz) on

@ Springer

days 8 and 43. Adjuvant therapy consisting of 80 mg/m? of
ACNU alone in arm A or ACNU plus PCZ (PCZ: 80 mg/
m? orally on days 1-10, ACNU: 80 mg/m? intravenously
on day 8) in arm B started 56 days from the final admin-
istration of ACNU and was given every 8 weeks, for up to
12 cycles. Doses of ACNU and PCZ were calculated using
actual body surface area, reduced for toxicity, and were not
escalated.

Evaluations and follow-up

Baseline and follow-up examinations included vital signs,
subjective symptoms, neurologic examination, MRI scan,
and blood and serum laboratory examinations. For each
patient, these examinations were performed weekly, with
the exception of MRI scans, which were performed between
the end of the initial chemoradiotherapy and the beginning
of adjuvant therapy. All examinations were performed
before each cycle of adjuvant chemotherapy, at a frequency
of nearly every 2 months. After completion of the treatment
protocol, patients were assessed every 3 months until pro-
gression. Toxicity was graded using the National Cancer
Institute Common Toxicity Criteria (version 2). Findings of
radiation necrosis were also assessed on MRI. Each patient
was required to undergo a follow-up examination for at
least 2 years from the date of randomization.

Tumor progression on MRI was defined according to
Response Evaluation Criteria in Solid Tumors (RECIST),
version 1.0 [11]. Progression of disease was defined as a
20 % increase in tumor size, as shown by contrast-enhanced
imaging, or the development of new lesions, neurologic
deterioration, or death by any cause. Further treatment at
recurrence or progression was discretionary, but recorded.

A central pathology review by 3 independent patholo-
gists (Yoichi Nakazato, a member of the Working Group
for WHO 2007 classification; Nobuaki Funata; and Toru
Iwaki) was performed and determinations given. A central
review of radiological response was also performed.

Statistical analysis

When we planned this study, TMZ had been widely
approved and was used worldwide. However, TMZ was not
available in Japan. ACNU remained the standard therapy in
Japan, but there was no sufficient data regarding this
treatment. We planned a phase II/III clinical trial, with the
phase IT part designed to confirm the feasibility of ACNU
and ACNU + PCZ.

The primary and secondary endpoints for the phase II
part were %6-month survival and adverse events (AEs) in
ACNU + PCZ arm. The primary endpoint of the phase III
part was OS, while the secondary endpoints were PES,
response rate, complete response rate, and AEs.
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Overall survival was calculated from the date of random
assignment to the date of death from any cause and cen-
sored at the last follow-up for event-free patients. PFS was
calculated from the date of randomization to the date of
progression or death from any cause and censored at the
last verifiable progression-free date for event-free patients.
OS and PFS were estimated by the Kaplan—-Meier method.
OS was analyzed by the stratified log-rank test for eligible
patients with adjustment factors, excluding institution.
Unstratified log-rank tests were used for the analysis of
PFS and subgroup analyses of OS and PFS. Fisher’s exact
test was used for categorical data. All p values are two-
sided, except for primary analysis of OS.

We assumed %2-year survivals in AA and GBM forarm A
were 50 and 20 %, and the ratio of those patients with AA or
GBM enrolled in this study was expected to be 2:3. The phase
III study was designed to enroll 155 patients per arm with
5 years of accrual and 2 years of follow-up, including those
for the phase II part and about 10 % of ineligible patients, to
achieve at least 75 % power to detect a hazard ratio (HR) of
0.74, with a one-sided alpha of 0.05 [12].

Three interim analyses were planned. The first was
planned during phase II to test whether %6-month survival
in arm A was superior to the predefined threshold (80 %),
with a one-sided alpha of 0.1 and beta of 0.2, when 56
patients were included in ACNU + PCZ arm. The second
and third interim analyses of OS were planned during
phase III. For analyses of phase III part, multiplicity was
adjusted by the Lan and DeMets alpha-spending function
with the O’Brien and Fleming stopping boundary to control
the type I error for primary endpoint.

In March 2007, protocol was amended to stop patient
accrual after 111 patients had enrolled and to carry out the
final analysis without planned interim analyses for both of
phase II and phase III part. This was done because toxicity
of both arms was unexpectedly high in phase II and
because TMZ became available in Japan.

All statistical analyses were performed using SAS
software, release 9.1 (SAS Institute, Cary, NC).

This trial is registered with UMIN-CTR (www.umin.
ac.jp/cti/), number C000000108.

Results
Patient characteristics

A total of 111 patients from 19 centers were randomly
assigned to arm A (n = 55) or arm B (n = 56) from March
2004 to September 2006. Primary analyses were performed in
September 2007, and the updated analyses were completed in
July 2009. All patients were eligible for this study. Baseline
characteristics were well balanced between the arms

(Table 1). The median ages for arms A and B were 56 and
54 years, respectively. Total numbers for AA and GBM
patients were 15 (27.3 %) and 40 (72.7 %) in arm A and 15
(26.8 %)and 41 (73.2 %)inarmB.PSOto l inarms A and B
were 45 (81.8 %) and 41 (73.2 %), respectively. Eighteen
(32.7 %) patients inarm A and 21 (37.5 %) patients in arm B
underwent gross total removal, and no residual tumor was
confirmed on MRI scans. The median duration of follow-up
was 20.2 (range 0-48.0 months) for all eligible patients.

Treatment

Patient compliance with the treatment regimen is depicted in
Table 2. Among the 111 total patients, 1 patientin arm A died
from pulmonary embolism before the beginning of initial
chemoradiotherapy. Fifty-three (96.3 %) patients in arm A
completed initial chemoradiotherapy and received ACNU
twice. In arm B, 48 out of 56 (85.7 %) patients received 2
cycles of PCZ + ACNU, and 8 patients (14.3 %) received 1
cycle of PCZ + ACNU in initial chemoradiotherapy. Eigh-
teen (32.7 %) patients in arm A and 20 (35.7 %) patients in
arm B failed to start adjuvant chemotherapy. Furthermore, 14
(25.5 %) patients in arm A and 23 (41.1 %) patients in arm B
discontinued protocol therapy by the fourth cycle of adjuvant
chemotherapy. The numbers of patients who received 4
cycles of chemotherapy or more were 23 (41.8 %) and 13
(23.2 %) in arm A and B, respectively. Only 5 (9.1 %)
patients in arm A and 2 (3.6 %) patients in arm B completed
the full protocol therapy. Nineteen (34.5 %) patients in arm A
and 22 (39.3 %) patients in arm B discontinued the protocol
for reasons other than completion of protocol or disease
progression [arm A: 31 (56.4 %), arm B: 32 (57.1 %)].
Reasons for discontinuation were as follows: AEs [arm A: 6
(10.9 %), arm B: 13 (23.2 %)]; patient refusal related to AE

Table 1 Baseline characteristics in the ITT population

Amm A (n =55) Arm B (n = 56)
(RT + ACNU) (RT + PCZ + ACNU)
Age 56 (24-69) 54 (24-69)
Sex
Male 32 (58.2 %) 33 (58.9 %)
Female 23 (41.8 %) 23 (41.1 %)
PS
0,1 45 (81.8 %) 41 (73.2 %)
2,3 10 (18.2 %) 15 (26.8 %)
Histology
Grade 3 (AA) 15 27.3 %) 15 (26.8 %)
Grade 4 (GBM) 40 (72.7 %) 41 (73.2 %)
Surgery
Gross total removal 18 (32.7 %) 21 (37.5 %)
Partial removal 30 (54.5 %) 26 (46.4 %)
Biopsy only 7 (127 %) 9 (16.1 %)
@ Springer
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Table 2 Compliance

Arm A (n =55) Arm B (n = 56)

(RT + ACNU) (RT + PCZ + ACNU)

RT (completion) 54 (98.2 %) 56 (100 %)
Initial chemotherapy

1 cycle 1(1.8 %) 8 (14.3 %)

2 cycles 53 (96.4 %) 48 (85.7 %)
Adjuvant chemotherapy

None 18 (32.7 %) 20 (35.7 %)

1-3 cycles 14 (25.5 %) 23 (41.1 %)

4-6 cycles 9 (16.4 %) 7 (125 %)
 7-11 cycles 9 (16.4 %) 4 (7.1 %)

12 cycles (completion) 5 (9.1 %) 2 (3.6 %)

[arm A:3 (5.5 %), arm B: 8 (14.3 %)]; and patient refusal not
related to AE [arm A: 7 (12.7 %), arm B: 1 (1.8 %)].

After discontinuation of the protocol, 28 (50.9 %)
patients in arm A and 29 (51.8 %) patients in arm B
received TMZ as further treatment.

Central review of histology

The central pathology review diagnosis of all cases was
performed according to the WHO 2007 classification
(Table 3). Among 81 GBM in the intention-to-treat (ITT)
population, 69 (85.2 %), 4 (4.9 %), 3 (3.7 %), 2 (2.5 %),
and 3 (3.7 %) were diagnosed as GBM, anaplastic oligo-
astrocytoma (AOA), anaplastic oligodendroglioma (AO),
AA, and others, respectively. Only 10 cases (33.3 %) were
diagnosed as AA among the 30 AA in the ITT population,
while 8 (26.7 %), 5 (16.7 %), 3 (10.0 %), 2 (6.7 %), and 2
(6.7 %) were confirmed as GBM, AOA, diffuse astrocy-
toma, pilocytic astrocytoma, and others, respectively.
Among all 111 cases, phenotype change of astrocytic to
oligodendroglial tumor occurred in 14 cases (12.6 %).
Finally, 77 and 12 patients were diagnosed with GBM and
AA, respectively, by central pathology review.

Response rate

The overall radiographic response rate for 66 measurable
diseases after surgery, based on RECIST guideline, was
assessed by Diagnostic Radiology Committee. The
response rate was 21.2 % (7/33) in arm A and 6.1 % (2/33)
in arm B. In GBM patients from the ITT population,
response rates were 25.0 % in arm A [3 CR (complete
response), 2 PR (partial response), 1 SD (stable disease), 14
PD (progressive disease)] and 9.1 % in arm B [1 CR, 1 PR,
1 SD, 19 PD] (p = 0.23). In AA patients from the ITT
population, response rates were 15.4 % in arm A (2 PR, 1
SD, 10 PD) and 0 % in arm B (11 PD) (p = 0.48).

Progression-free survival

In the entire ITT population, PFS was 8.6 months [95 %
confidence interval (CI); 5.1-20.5] in arm A (n = 55, 44
events), compared with 6.9 months (95 % CI 5.1-9.0,
p=036) in atm B (n =56, 47 events) (Fig. 2a).
According to grades in the ITT population, PFS of GBM
in arm A (n = 40, 33 events) and B (r = 41, 35 events)
was 6.2 (95 % CI 4.2-13.2) and 6.3 months (95 % CI
3.0-8.9), respectively (p = 0.35) (Fig. 2b). PES of AA in
arm A (n = 15, 11 PD) and B (n = 15, 12 events) was
86 (95% CI 5.1-354) and 9.0 months (95 % CI
5.8-21.8), respectively (p = 0.83) (Fig. 2c). No difference
was observed between the arms in any subgroup defined
by histology, presence of remaining tumor, or age under
or over 60.

In the subgroup defined by central pathology review, the
PES of GBM in arms A (n = 37, 33 events) and B (n = 40,
36 events) was 5.1 (95 % CI 4.2-10.3) and 5.7 months
(95 % CI 2.7-8.4), respectively (p = 0.49) (Fig. 2d). The
PES of AA and AOA in arm A (n = 9, 4 events) and B
(n=12, 9 events) was ND (not determined) and
7.9 months (95 % CI 5.2-22.5), respectively (p = 0.21).

Table 3 Local diagnosis and

central pathology review Grade Histology Local diagnosis Central pathology review
Total Arm A Arm B

v Glioblastoma 83 77 37 40
m Anaplastic astrocytoma 30 12 6 6
i Anaplastic oligoastrocytoma 9 3 6
I Anaplastic oligodendroglioma 3 2 1
I Anaplastic ependymoma 1 1 0
I Diffuse astrocytoma 4 1 3
I Oligoastrocytoma 1 1 0
I Oligodendroglioma 1 1 0
I Pilocytic astrocytoma 2 2 0

Sarcoma 1 1 0

Total 111 111 55 56
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Fig. 2 Progression-free survival in the intention-to-treat (ITT) pop-
ulation (a), the GBM subgroup (b), the AA subgroup (c¢), and the
GBM subgroup with central pathology review (d). Overall survival in
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29.2) in arm B (n = 56) (Fig. 2e). The %2-year survival
in arms A and B was 51.9 % and 46.2 %, respectively.
There was no difference between the 2 arms (p = 0.75 and
pre-planned, one-sided p = 0.62, by stratified log-rank
test).
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The OS of GBM subgroup in arms A (n = 40, 28 death)
and B (n = 41, 27 death) was 19.0 (95 % CI 15.2-33.3)
and 19.5 months (95 % CI 15.8-29.2), respectively
(p = 0.90) (Fig. 2f). The %2-year survival in arms A and
B was 48 and 41 %, respectively. The OS of AA subgroup
in arms A (n = 15, 7 death) and in arm B (n = 15, 8 death)
was 354 [95 % CI 15.7-not estimated (NE)] and
27.4 months (95 % CI 17.8-NE), respectively (p = 0.88)
(Fig. 2g). There were no differences between the arms of
any subgroup.

In the subgroups defined by central pathology review,
the OS of GBM in arm A (n = 37, 28 death) and in arm B
(n = 40, 29 death) was 16.6 (95 % CI 13.3-29.5) and
18.7 months (95 % CI 15.4-23.4), respectively (p = 0.92)
(Fig. 2h). The %2-year survival in arms A and B was 38
and 34 %, respectively. The OS of AA and AOA in arm A
(n =9, 3 death) and B (n = 12, 4 death) was 33.3 months
(95 % CI 15.7-33.3) and NE, respectively (p = 0.83).

Among the 70 total deaths, 31/35 (88.6 %) patients in
arm A and 32/35 (91.4 %) in arm B experienced neuronal
death of an original tumor. One patient (2.9 %) in arm A
and 2 (5.7 %) patients in arm B contracted treatment-
related pneumonia and died from that illness. Other causes
of death were pulmonary embolism (1), pneumonia (2),
and unknown (1).

Toxicity

Toxicity was assessed in 110 patients receiving initial
therapy and in 73 patients receiving adjuvant chemother-
apy. The most frequent grade 3/4 toxicities, experienced by
more than 10 % of patients, were hematologic, neurologic,
gastrointestinal, and hepatic AEs (Table 4). Patients in
both arms frequently experienced leukopenia and neutro-
penia; more than half of the patients in arm B experienced
these AEs during adjuvant therapy as well as during initial
therapy. More than 40 % of patients in arm A also expe-
rienced these hematologic events even during adjuvant
therapy. Grade 4 neutropenia was observed in 5.6 and
39.3 % of patients in arms A and B during initial chemo-
radiotherapy and 11.1 and 15.6 % during adjuvant therapy.
Grade 3/4 nausea and anorexia were seen in 10.7 and
16.1 % of patients in initial therapy in arm B, but were rare
in the adjuvant-therapy subgroups in both arms. One
patient in arm B had cerebral infarction. Extrapyramidal
signs, including tremors or involuntary movements,
occurred in 2 patients in each arm.

Grade 3/4 pneumonitis occurred in 1 patient in arm A
and 2 in arm B during the entire treatment period.
Opportunistic infections—including 2 cases of Preumo-
cystis jirovecii pneumonia (PCP), 1 case of oral candidia-
sis, and 2 case of herpes zoster—occurred in arm B. One
patient (1.8 %) in arm A and 2 (3.6 %) patients in arm B
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died from treatment-related pneumonia, and 1 of these
patients in arm B had PCP. One patient in arm B died from
sepsis and acute respiratory distress syndrome after initial
therapy. One patient in arm A died from pulmonary
embolism before starting chemoradiotherapy, and 1 patient
in arm A and 2 patients in arm B died from pneumonia
following tumor progression.

Radiation necrosis was observed in 2 out of 54 (3.7 %)
patients in arm A and 1 out of 56 (1.8 %) patients in arm B.
During surgery, 1 patient in arm A was found to have
radiation necrosis. Pseudo-progression within 3 months
after chemoradiotherapy was not suspected in any patient.

Discussion

This study aimed to evaluate the efficacy and safety of
treatment with ACNU + PCZ compared to ACNU alone
as concomitant chemoradiotherapy against AA and GBM.
We found no obvious differences in OS or PFS for AA and
GBM between the treatment groups, but patients treated
with ACNU + PCZ experienced more adverse effects than
those treated with ACNU alone. TMZ is an effective reg-
imen for malignant gliomas with less toxicity than our
ACNU regimens, but it was not approved in Japan when
this study began. At the end of the phase II part of this
study, TMZ became available even in Japan, so this study
was terminated at that point.

Methylguanine DNA methyltransferase is a major DNA
repair protein and is implicated in resistance of glioma
cells to alkylating agents {13]. Transcriptional silencing by
MGMT promoter methylation results in inhibition of
MGMT expression [14], and thus MGMT promoter
methylation is strongly associated with survival in glioma
patients treated with either nitrosourea or TMZ [15-17].
The status of the promoter of MGMT in primary tumors
was frequently observed to change from methylated to
unmethylated in recurrent tumors following ACNU or
TMZ treatment [18, 19], which constitutes one of the
mechanisms behind malignant gliomas’ resistance to
nitrosourea and TMZ. The rationale for treatment with
ACNU + PCZ is that daily application of PCZ depletes
MGMT activity, increasing sensitivity of AA and GBM to
ACNU. Dose-dense TMZ therapy based on the theory of
depletion of MGMT [20, 21], or BCNU or TMZ with direct
inhibition of MGMT by O°-benzylguanine [22, 23] has
been shown in previous studies to be effective for GBMs.
However, there was no difference in OS found between
standard and dose-dense TMZ for newly diagnosed GBMs
[20].

While we were conducting this study, the European
Organization for Research and Treatment of Cancer
(EORTC) Brain Tumor and Radiotherapy Groups and the
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Table 4 Toxicity

Grade 3/4 adverse events Initial therapy with  Adjuvant therapy

RT (n =110) (%) (n=173) (%)

ArmA AmB AmA AmB
Hematologic
Leukopenia 389 73.2 40.5 69.4
Neutropenia 38.9 76.8 44.4 56.3
Thrombocytopenia 5.6 50.0 40.5 50.0
Anemia 0 8.9 10.8 8.3
Neurologic
Seizure 9.3 7.1 54 8.8
Speech impairment 11.1 10.7 54 29
Neuropathy-motor 111 125 0 0
Extrapyramidal sign 0 0 54 2.7
Pulmonary (pneumonitis) 0 3.6 2.7 0
Gastrointestinal
Nausea 0 10.7 0 0
Anorexia 1.9 16.1 0 29
Hepatic
AST 3.7 12.5 29 29
ALT 3.7 16.1 2.9 8.8
Total bilirubin 1.9 54 0 0
Renal (creatinine) 0 0 0 0
Metabolic
Hyponatremia 1.9 8.9 59 2.9
Hypokalemia 1.9 7.1 29 29
Fever 0 3.6 0 0
Dermatologic: erythema 3.7 54 0 2.9

National Cancer Institute of Canada (NCIC) Clinical Trials
Group (EORTC/NCIC TMZ study) reported, in 2005, that
RT + TMZ significantly prolonged the survival of GBM
patients compared to RT alone [24]. The median PFS, OS,
and 2-year survival for RT + TMZ were 6.9, 14.6 months,
and 26.5 %, respectively [24]. Although our results com-
pared favorably with the EORTC/NCIC TMZ study, the
PFS of RT + ACNU alone for GBMs in our ITT popula-
tion and in GBM subgroups in central pathology review
were 6.2 and 5.1 months, shorter than those from the
EORTC/NCIC TMZ study. Since more than half of the
patients in our study underwent TMZ treatment following
disease progression, it is possible that TMZ rescued these
patients with progression after ACNU regimens and pro-
longed the survival of these patients.

The incidence of grade 3/4 hematologic AEs—such as
leukopenia, neutropenia, and thrombocytopenia—were
reported to be 5, 4, and 11 %, respectively, in adjuvant
TMZ therapy in the EORTC/NCIC TMZ trial [24]. Com-
pared to TMZ, even ACNU alone caused severe hemato-
logic AEs in 40 % of the patients in our study, and most of
those patients in both arms discontinued the treatment

protocol due to AEs or patient refusal related to AEs. It is
noteworthy that approximately 30 % of patients in both
arms failed to start adjuvant chemotherapy. The low
completion rate of our protocol might explain the lack of
differences in PFS and OS between the arms. After 2
patients in arm B experienced PCP, prophylactic use of
cotrimoxazole (trimethoprim—sulfamethoxazole) against
PCP was recommended in this study and was found to be
useful.

Radiation necrosis has been reported in 2.5-21 % of
patients undergoing chemoradiotherapy against malignant
gliomas [25]. This complication was observed in 2.7 % of
the patients in our study, but was tolerable. “Pseudo-pro-
gression” is the phenomenon of transient early disease
progression after treatment with chemoradiotherapy con-
sisting of TMZ for GBM progressive and enhancing
lesions, as shown on MRI images taken immediately after
treatment [25]. No patients in our study were suspected of
pseudo-progression within 6 months after beginning
chemoradiotherapy.

In general, the difference in histological diagnosis for
local versus central pathology review is a major problem in
the conduct of clinical trials on gliomas [26]. In our study,
the concordance of GBM and AA between local and cen-
tral diagnosis was low, but nearly identical to previous
reports. In the EORTC/NCIC TMZ trial, central pathology
review was performed in 85 % of cases, which confirmed
the diagnosis of GBM in 93 % of the reviewed cases; 3 %
had AA or AOA. In the phase III study of RT versus
RT + BCNU + dibromodulcitol (EORTC 26882), of the
193 cases of AA diagnosed by the local pathologist, 176
were reviewed by the central pathologist. At review, 61
patients (35 %) were diagnosed with AA, 13 (8 %) with
AOA, 4 (2 %) with AO, 44 (25 %) with GBM, 41 (23 %)
with low-grade gliomas, and 13 (7 %) with another diag-
nosis [27].

The WHO classification system reflects the prognoses
depending on grade I-IV tumors, or astrocytic or oligo-
dendroglial tumors. However, it is based on morphological
descriptions and contains subjective elements; thus, inter-
observer variation occurs. The boundaries between grades
IL, III, and IV in gliomas are unclear, and there is a trend
toward a more frequent diagnosis of oligodendroglial
tumors [28]. Central pathological review before inclusion
of a patient into clinical study is ideal, but it is very dif-
ficult to complete for aggressive grade III/IV tumors. Even
if central review before enrollment is difficult in a multi-
institutional setting, it is indispensable to perform post hoc
central review at least in order to appropriately interpret the
results of clinical studies of gliomas. A consensus meeting
might also be useful before commencing clinical studies in
order to gain concordance between local and central
diagnoses. More objective classification of tumors based on
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genotype, such the IDH1/2 mutation or 1p/19q codeletion,
should be included in at least the stratification factor and
subgroup analysis.

Conclusions

No significant differences in OS or PFS were found
between ACNU alone and ACNU + PCZ in either AA or
GBM. We found that ACNU + PCZ treatment was more
toxic in our treatment schedule. Therefore, we conclude
that the addition of PCZ to ACNU was not beneficial for
newly diagnosed, high-grade astrocytomas as compared to
ACNU alone. Considering the greater number of AEs
associated with ACNU regimens, RT + TMZ should serve
as a standard therapeutic regimen in the treatment of newly
diagnosed AA and GBM.
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Glioblastoma is a highly vascular tumor that expresses vascular endothelial growth factor, a
key regulator of angiogenesis and tumor blood vessel permeability. Bevacizumab is a mono-
clonal antibody that inhibits vascular endothelial growth factor and the growth of gliomas.
Bevacizumab monotherapy has proven effective for recurrent glioblastoma, and it extended
progression-free survival and improved patient quality of life in various clinical trials. Some
patients who receive bevacizumab experience improvements in neurological symptoms and
steroid dose reductions. Bevacizumab induces a dramatic and rapid radiological response,
but non-enhancing lesions are often detected on magnetic resonance imaging without enhan-
cing lesions. Rebound phenomena such as rapid tumor regrowth are occasionally observed
after the discontinuation of bevacizumab therapy. Therefore, Response Assessment in
Neuro-Oncology criteria were recently devised to evaluate the efficacy and radiological re-
sponse of bevacizumab treatment. Hypertension and proteinuria are characteristic adverse
events associated with bevacizumab therapy. In addition, many fatal adverse events such as
intracranial hemorrhage and venous thromboembolism are reported in patients treated with
bevacizumab. However, these events are also associated with glioma itself, and careful atten-
tion needs to be paid to these events. Bevacizumab is used to treat various diseases includ-
ing radiation necrosis and recurrent brain tumors such as brain metastases, schwannoma
and meningioma, but additional clinical trials are necessary. The efficacy and current prob-
lems associated with bevacizumab in the treatment of glioblastoma and other brain tumors
are reviewed.

Key words: bevacizumab — glioblastoma — glioma — brain metastases — rebound

INTRODUCTION

Glioblastoma (GBM), the most common malignant brain
tumor, is associated with a survival time of 1-2 years. The
standard therapy for a newly diagnosed GBM is maximum
resection in patients without neurological deficits and radio-
therapy (RT) plus the alkylating agent temozolomide
(TMZ) (1). GBM is a highly vascular tumor, and an alterna-
tive therapeutic approach that inhibits angiogenesis is
expected to inhibit the growth of GBM.

Vascular endothelial growth factor (VEGF), a key regula-
tor of angiogenesis, is highly expressed in GBM (2—4). The

expression of VEGF correlates with the grade of gliomas
(5), and VEGF expression is also observed in meningioma
and brain metastases (3). The molecular bases for the upre-
gulation of VEGF gene expression in gliomas are as follows:
(i) hypoxia or the hypoxia inducible factor (HIF)-related
mechanism, (ii) epidermal growth factor receptor signaling,
(iii) upregulation of the Forkhead box M1B (FoxM1B) tran-
scription factor in GBM but not in low-grade glioma, which
stimulates VEGF expression independently of HIF and (iv)
upregulation of HuR, a member of the Elav family of
RNA-binding proteins, in GBM, which suppresses the post-
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transcriptional degradation of VEGF mRNA under hypoxia
(6). VEGF signaling regulates angiogenesis and tumor blood
vessel permeability, which promote endothelial cell prolifer-
ation, survival and migration and cerebral edema (6).

Monoclonal antibodies against VEGF have been demon-
strated to inhibit the growth of GBM xenografts in an in vivo
mouse model (7,8). Bevacizumab (Avastin®), a monoclonal
antibody that inhibits the VEGF, is currently approved for
metastatic colorectal, non-small-cell lung, breast, ovarian
and renal cancers. Based on the results of many clinical
trials of bevacizumab for the treatment of GBM, bevacizu-
mab is currently recognized as a second-line chemotherapeu-
tic agent for GBM. The application of bevacizumab for
recurrent GBM is also described in the National
Comprehensive Cancer Network guideline (9), and it has
been approved in more than 41 countries. This article
reviews the efficacy and current problems of bevacizumab
therapy against GBM and other brain tumors.

RECURRENT GBM

Bevacizumab is a standard therapeutic agent for recurrent
GBM or WHO grade III malignant gliomas after treatment
with RT plus TMZ, and no other effective therapy is avail-
able. Single-agent bevacizumab after the failure of initial
treatment with mainly TMZ for malignant gliomas has a
reported objective response rate (ORR), progression-free sur-
vival (PFS), 6-month PFS rate and overall survival (OS) of
20.9-42.6%, 1.0—4.2 months, 20.9-42.6% and 7.1—12
months, respectively, as calculated from the initiation of bev-
acizumab treatment (10—14) (Table 1).

Bevacizumab alone or in combination with irinotecan was
similarly effective for recurrent GBM in the BRAIN study
(11). The PFS times were 4.2 and 5.6 months in the bevaci-
zumab alone (n = 85) and bevacizumab plus irinotecan
(n = 87) groups, respectively, and the OS times were 9.2 and
8.7 months, respectively, in the two groups. The 6-month
PFS rates for bevacizumab alone and bevacizumab plus iri-
notecan were 42.6 and 50.3%, respectively, and the ORRs
were 28.2 and 37.8%, respectively, for the two treatments.
Based on these results, the US Food and Drug

Table 1. Efficacy of single-agent bevacizumab for malignant gliomas

Study ORR (%) PFS 6-month OS from
PFS rate (%)  bevacizumab

BRAIN, 2009 28.2 42 42.6 9.2

J0O22506, 2012 27.6 33 33.9 10.5

Kreisl, 2009 35 3.7 29 7.1

Chamberlain, 2010 42 1.0 42 8.5

Kreisl, 2010 43 29 20.9 12

ORR; overall response rate, PFS; progression-free survival, OS; overall
survival.

Administration (FDA) first granted bevacizumab accelerated
approval for the treatment of recurrent GBM in 2009 (15).

The JO22506 study in Japan also revealed that
single-agent bevacizumab was effective for recurrent malig-
nant gliomas (n = 31) (14). The PFS and OS were 3.3 and
10.5 months, respectively, for this treatment. Additionally,
the 6-month PFS rate, ORR and disease control rate were
33.9, 27.6, and 79.3%, respectively, and these findings were
comparable with those of the BRAIN study. Approximately
70% of patients who received corticosteroids before treat-
ment were able to reduce their dose or discontinue cortico-
steroid therapy after bevacizumab treatment, and >70% of
patients displayed a lower tumor volume on magnetic reson-
ance imaging (MRI) 6 weeks after treatment in this study.

Combination therapy of bevacizumab and irinotecan
(11,12,16—18), carboplatin (19—21), erlotinib (22), etoposide
(23) and dose-intense daily TMZ (24,25) for malignant
gliomas was reported, and the treatment results were similar
to that of single-agent bevacizumab therapy.

Generally, the 6-month PFS rate and OS of recurrent
GBM are 10—20% and ~6 months, respectively (26—28).
Thus, single-agent bevacizumab has become the most
promising second-line agent for recurrent GBM in adult.
However, there are a few reports about the use of bevacizu-
mab to treat recurrent pediatric high-grade gliomas or brain-
stem gliomas, and the radiological response rate, response
duration and survival of children appeared to be inferior to
those of adult cases (29—32).

Marked decreases in enhancing lesions and surrounding
cerebral edema have been observed after the initiation of
therapy, and patients exhibited improvements in clinical
symptoms. Approximately 30—70% of patients who received
bevacizumab could reduce their steroid doses (14,33).
Steroids have been used to treat patients with brain tumors to
control brain edema, and bevacizumab is occasionally con-
sidered an ‘expensive super steroid’. Thus, patients treated
with bevacizumab display improved quality of life due to
improvements in clinical symptoms and reductions of steroid
doses, even if for a short time.

Wong et al. performed a meta-analysis of bevacizumab
for recurrent GBM in 548 patients from 15 studies and
reported that the 6-month PFS rate and OS were 45% and
9.3 months, respectively. The treatment doses of bevacizu-
mab in most clinical trials were 10 mg/kg every 2 weeks, but
they reported no difference in the bevacizumab dose re-
sponse benefit between doses of 5 mg/kg and 10—15 mg/kg
(34). The efficacy of superselective intra-arterial cerebral in-
fusion of bevacizumab to increase the local concentration of
the drug around the tumor has been reported (35).

MRI FINDINGS AFTER BEVACIZUMAB
TREATMENT

Bevacizumab exhibited a dramatic and rapid reducing effect
on enhancing lesions on MRI (36,37), and >70% patients
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displayed smaller enhancing lesions 6 weeks after the initi-
ation of treatment (14). However, this effect is not caused by
the antitumor effect of bevacizumab, but is attributable to the
normalization of abnormally permeable tumor vessels or re-
gional cerebral blood volume (38). Non-enhancing lesions on
T2 or fluid-attenuated inversion recovery MRI are often
detected without enhancing lesions, which are indicative of
progressive infiltrative tumors. Iwamoto et al. reported that
46% of patients had larger enhancing lesions at the initial
tumor site, 16% had a new enhancing lesion outside the
initial site, and 35% had progression of predominantly non-
enhancing tumors at the time of bevacizumab discontinuation
for recurrent GBM (36).

The Macdonald criteria have been used for response assess-
ment in glioma (39). These criteria are based on the two-
dimensional WHO response criteria, and they use the
enhancing tumor area on computed tomography (CT) or MRI
as the primary measure while considering the use of steroids
and changes in the neurologic status. However, these criteria
cannot evaluate the enlargement of the non-enhancing area
upon bevacizumab treatment or a pseudoresponse, which is
often visualized as a transient increase in the enhancing lesion
in patients receiving TMZ treatment. Thus, the Response
Assessment in Neuro-Oncology Working Group developed
new standardized response criteria for clinical trials of brain
tumor treatment to evaluate the clinical response to recent treat-
ment including antiangiogenic therapy (40).

REBOUND PHENOMENON AND
BEVACIZUMAB CONTINUATION BEYOND
PROGRESSION

No effective agent other than TMZ or bevacizumab is avail-
able to treat malignant gliomas, and TMZ or bevacizumab
therapy, with or without other chemotherapeutic agents, often
continues after progressive disease (PD) is observed.
Increased doses of TMZ were reported to be beneficial for
some patients (41—44). It is unclear whether continued beva-
cizumab treatment is effective in patients after PD is detected.

Two large observation studies showed that bevacizumab
continuation beyond the initial diagnosis of PD improved the
OS of patients with metastatic colorectal cancer (45,46). In
the BRIiTE study, patients with metastatic colorectal cancer
receiving first-line bevacizumab with or without chemother-
apy received further treatment after the first observation of
PD as directed by a physician, and they were observed there-
after. The OS times beyond the first instance of PD for the
no post-PD treatment (n = 253), post-PD treatment without
bevacizumab (n = 531) and post-PD treatment with bevaci-
zumab (n = 642) groups were 12.6, 19.9 and 31.8 months,
respectively. Multivariate analyses demonstrated that the
continuation of bevacizumab therapy was strongly and inde-
pendently associated with improved survival after PD
[hazard ratio (HR) = 0.48, P < 0.001] (45). Similar results
were obtained in the ARIES study (40).
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Reardon et al. analyzed the outcomes of patients who
received subsequent therapy after PD to evaluate the efficacy
of bevacizumab regimens against recurrent GBM in five
studies (47). In the studies, bevacizumab was used in com-
bination with irinotecan, daily TMZ, etoposide, bortezomib
and erlotinib. The OS times of patients in the no post-PD
treatment (n = 41), post-PD treatment without bevacizumab
(n = 44) and post-PD treatment with bevacizumab (n = 55)
groups were 1.5, 4.0 and 5.9 months, respectively (HR =
0.64, P = 0.04). The PFS times of patients in the post-PD
treatment without bevacizumab (n = 44) and post-PD treat-
ment with bevacizumab (n = 55) groups were 1.6 and 2.8
months, respectively (HR = 0.64, P < 0.0001). They con-
cluded that bevacizumab continuation beyond the initial
detection of PD modestly improves OS compared with avail-
able non-bevacizumab therapy for recurrent GBM.

Zuniga et al. (48) reported a rebound phenomenon after
the discontinuation of bevacizumab in patients with malig-
nant gliomas. Rebound PD was defined as an increase in the
largest cross-sectional area of enhancement on MRI of at
least 50% compared with that at the time of bevacizumab
failure. Among 40 patients who did not respond to bevacizu-
mab therapy, 11 patients (27.5%) displayed rebound PD, and
they had poor prognoses with an OS of 6.8 weeks. Of three
patients who were restarted on bevacizumab treatment after
rebound PD, two exhibited a partial response, and the OS
was extended to 21.3 weeks. Clark et al. (49) analyzed the
survival of patients who underwent reoperation and reported
that patients who received bevacizumab preoperatively had a
worse postoperative OS (HR = 3.1, P < 0.001) and PFS
than patients who did not receive bevacizumab.

Abrupt discontinuation of bevacizumab after PD may lead
to a rebound phenomenon and increased tumor-associated
cerebral edema, and therefore, continuation or slow tapering
of the bevacizumab dose after PD might be necessary to
prevent rebound PD.

NEWLY DIAGNOSED GBM

RT plus TMZ plus bevacizumab was applied for newly diag-
nosed GBM, and the OS and PFS times were 19.6—23 and
13—13.6 months, respectively (50,51). The efficacy of this
combination therapy was superior to that of RT plus TMZ
(OS = 14.6 months; PFS = 6.9 months) (1).

A Phase III trial of RT plus TMZ plus placebo vs. RT
plus TMZ plus bevacizumab was conducted for 921 patients
with newly diagnosed GBMs from 26 countries (52,53). The
primary endpoints were PFS and OS, and the final PFS and
interim OS results were presented at a Society of
Neuro-Oncology meeting at the end of 2012. The PFS times
of the placebo (n = 463) and bevacizumab groups (n = 458)
were 4.3 and 8.4 months (P < 0.0001, HR = 0.61), respect-
ively, and the addition of bevacizumab to RT plus TMZ sig-
nificantly extended PFS. The median lengths of time for
which patients maintained a Karnofsky performance status
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