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Clinical research within neuro-oncology is complicated by several factors, 
including complex tumor biology and a variable impact on patients, as a 
consequence both of disease location and degree of malignancy. Clinical 
studies are complicated by these factors as well as issues of determining 
optimal clinical end points. This review highlights relevant aspects of neuro-
oncologic diseases, including treatment, gliomagenesis and prognostic and 
predictive markers of gliomas. These factors are discussed in the context of 
clinical trial design and the challenges of using novel designs that strive to 
maximize efficiency and minimize patient exposure to ineffective treatments. 
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Although there has been great progress over the last few decades, the cure for most 
cancers remains elusive. This is particularly true for patients with primary CNS 
tumors such as gliomas where only the non-infiltrative neoplasms (e.g., pilocytic 
astrocytoma) have a meaningful cure rate. Traditional cancer treatments have 
included surgical resection, radiation and typically cytotoxic chemotherapy, and 
this approach remains the standard of care for primary brain tumors. However, as 
our understanding of the molecular mechanisms responsible for neoplastic trans-
formation has evolved, the focus of therapeutic investigations has transitioned from 
identifying either cytotoxic agents or combinations of these agents, to leveraging the 
advances in molecular profiling in order to identify cancer specific targets, thereby 
improving efficacy while limiting toxicity.

Therapeutic advances for primary CNS malignancies have been hindered by 
a number of obstacles not encountered with cancers outside of the CNS. First, 
although advances in surgery such as microsurgical techniques, advances in imaging 
technology and combined surgical and imaging suites have led to more extensive 
resections with a reduction in post-operative morbidity, the invasive nature of pri-
mary brain tumors and the common occurrence of tumors within the eloquent brain 
limit the curative potential of surgery in this setting. Second, difficulty in deliver-
ing agents across the blood–brain barrier has limited the effectiveness of therapies 
that have shown promise in systemic cancers and has severely curtailed the possible 
treatment armamentarium. The effectiveness of agents that cross the blood–brain 
barrier is limited by the low average mitotic rates of even the more aggressive brain 
tumors relative to numerous systemic cancers. Finally, clinical research evaluating 
new treatments for primary brain tumors has been challenging, as the overall inci-
dence of the disease is relatively low, determination of treatment efficacy is compli-
cated by often complicated and potentially mis leading imaging changes (e.g.,  reat-
ment related pseudoprogression or necrosis) and ongoing controversy regarding the 
optimal measure of efficacy. 

Overall survival, although definitive, may be compromised by differences in sal-
vage therapy. Conversely, measures of progression-free survival, although not subject 
to impact by subsequent (salvage) treatment, are compromised by the limitations 
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of current imaging such as MRI and CT scanning. For 
example, pseudoprogression mimics tumor growth, 
but is now known to be a generally self-limited pro-
cess that may actually be associated with an improved 
prognosis [1]. In recognition of this difficulty, it is being 
recommended that the Macdonald criteria [2], which is 
commonly used for radiographic response assessment 
and takes only a 2D measure of contrast enhancement 
into account, be replaced by a more flexible measure that 
takes in to account both 3D contrast enhancing and 
nonenhancing disease, as well as where in the course of 
treatment a patient is (e.g.,  the Response Assessment in 
Neuro-Oncology [RANO]; [3]), in an effort to improve 
interpretation of imaging despite the inherent ambigu-
ity. Conversely, some treatments may improve imaging 
without truly impacting tumor growth. This is par-
ticularly germane for anti-angiogenic treatments where 
the therapy improves the integrity of the blood–brain 
and blood–tumor barrier, resulting in less contrast dif-
fusion and an improved image, or pseudo-response. 
Similar challenges exist for the determination of objec-
tive response (partial or complete response). In an effort 
to make progression-related end points a more viable 
and reliable option in future neuro-oncology trials, 
much work is being done to validate advanced imaging 
techniques, such as dynamic-contrast enhanced imag-
ing, diffusion and perfusion imaging, spectroscopy and 
PET imaging, as well as to develop imaging markers of 
treatment response and progression that can measure 
apoptosis, proliferation and other dynamic aspects of 
treatment [4]. Ultimately, overall survival needs to be 
incorporated into trial end points in some fashion, as 
improvements in progression-free survival that do not 
affect the outcome overall may not justify the potential 
added toxicity of treatment.

However, despite the challenges associated with clini-
cal research for primary brain tumors, there has been a 
great expansion in the number of trials for this disease. 
Much of this is the consequence of an increasing number 
of identified molecular targets that have further under-
scored the need for more efficient and expedient means of 
determining potential efficacy and safety of each agent, 
as well as its potential use in combination regimens. This 
review aims to outline some of the challenges, as well as 
the novel approaches to help address these challenges, 
in the context of an exponential increase in the number 
of potential treatments. We will highlight important 
discoveries in gliomagenesis and prognostic markers, 
and discuss how their inclusion in trial design can lead 
to more efficient clinical trials that screen new agents or 
combinations using molecular markers to both enhance 
patient stratification and enrich the patient population. 
The overall goal is to maximize efficiency while limiting 
patient exposure to inferior therapeutic regimens.

Clinical trial accrual has also been a challenge. 
The incidence of glioblastoma multiforme (GBM), 
the most common primary malignant brain tumor, is 
3–4/100,000 [5,101], corresponding to approximately 
13,000 new cases per year in the USA. This relative 
paucity of patients limits accrual and leads to prolonged 
enrollment periods, particularly of large-scale random-
ized trials. For the lower grade tumors, not only are they 
even less common, but the time to progression after 
diagnosis and initial treatment is generally measured in 
years, leading to even longer trial duration. Large collab-
orative efforts have helped address the issues of large-scale 
randomized clinical trials. Examples include Radiation 
Therapy Oncology Group (RTOG) 0825 [102], 
aimed at assessing bevacizumab (BEV) use in first-
line treatment of GBM; RTOG 0834/European 
Organization for Research and Treatment of Cancer 
(EORTC) 26053/National Cancer Institute of Canada 
(NCIC) (Phase III Trial on Concurrent and Adjuvant 
Temozolomide Chemotherapy in Non-1p/19q Deleted 
Anaplastic Glioma [CATNON]; [103]), comparing 
radiation alone, chemoradiation alone, radiation plus 
adjuvant temozolomide (TMZ), and chemoradiation 
plus adjuvant TMZ in 1p19q intact anaplastic glio-
mas; and RTOG/North Central Cancer Treatment 
Group (NCCTG) 0577 (Phase III Intergroup Study 
of Radiotherapy Versus Temozolomide Alone Versus 
Radiotherapy With Concomitant and Adjuvant 
Temozolomide for Patients With 1p/ 19q Codeleted 
Anaplastic Glioma (CODEL);  [104]), comparing radia-
tion alone, TMZ alone or chemoradiation with TMZ 
followed by adjuvant TMZ in 1p19q co-deleted gliomas. 
A brief review of these and other recent and ongoing 
multicenter Phase III trials in anaplastic glioma can be 
found in a recent paper by Giglio and Villano [6].

A search of the Clinical Trials website [105] using the 
search terms: glioma, Phase II, Phase III, interventional 
and adult and senior age groups (not including trials 
where accrual was ended at 21 years of age), returned 
14 Phase III (Figure 1) and 103 Phase II (Figure 2) trials 
that are currently active. The Phase III trials are all 
randomized and contain 2–4 arms. Of the 103 Phase II 
trials, 28 of them are integrated Phase I/II trials. The 
majority (70 of 103) are single arm trials. Of the 33 
multi-arm trials, 21 are randomized and one utilizes 
sequential accrual. This makes the case that within 
neuro-oncology more trials need to be undertaken that 
employ more time and cost-efficient design, such as 
those further discussed below.

Molecular pathogenesis & targeted therapy
Much of the increased interest and excitement for exam-
ining new therapies for malignant brain tumors stems 
from the enormous advances that have been made in 
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understanding the molecular pathogenesis of gliomas 
and other primary brain tumors. In other cancers, these 
molecular discoveries have led to seminal advances in 
treatment. The success of imatinib mesylate in treat-
ing patients with Philadelphia chromosome-positive 
chronic myelogenous leukemia by targeting the consti-
tutively active tyrosine kinase responsible for disease, 
marked the beginning of this paradigm shift toward 
targeted therapy [7]. Not only was imatinib a much more 
effective treatment for this disease, but given the speci-
ficity of the drug, there were very limited systemic side 
effects, and therefore it was better tolerated than the 
interferon/cytarabine combination that had previously 
been standard of care. 

The success of imatinib started a trend of trying to 
identify a ‘magic bullet,’ or a highly effective, well-tol-
erated single-agent treatment, for other malignancies. 
After the results of EORTC 22981/26981 NCIC CE.3, 
led by Stupp and colleagues [8], established concurrent 
chemoradiation followed by adjuvant chemotherapy 
with TMZ as the standard of care for GBM, several 
clinical trials tested targeted agents for patients who 
failed the front-line chemoradiation regimen. Table 1 

lists some of the single targeted agents tested in the 
series of clinical trials. PDGF receptor (PDGFR)-a is 
commonly overexpressed in both low- and high-grade 
astrocytomas, with expression of PDGF-A and -B ligand 
increased in malignant gliomas [9], and is believed to 
play a role in transformation to higher grades. EGF 
receptor (EGFR) overexpression, via gene amplification 
or mutation, is a common finding in primary GBM [10], 
with the EGFR vIII mutation that is responsible for 
constitutive activity of the Ras signaling pathway found 
in 20–30% of patients [11]. The presence of an EGFR 
alteration portends a poor overall treatment response 
and prognosis in patients [12]. 

The limited success of single agents in the treatment 
of malignant glioma underscores the considerable 
heterogeneity within tumors, as well as issues of drug 
delivery that limit efficacy of many of the agents tested. 
PDGFR and EGFR mutations, as noted above, are only 
two of the numerous known mutations. As the number 
of known molecular markers present in glioma contin-
ues to expand, so do the number of potential treatment 
targets (Table 2). A comprehensive review of the basic 
science of glioma is outside of our purview, and updated 

Phase III studies (14)

Three in WHO grade 2 gliomas

Three in WHO grade 3 gliomas

Eight in WHO grade 4 gliomas

Two-arm randomized (2)

Four-arm randomized (1)

Two-arm randomized (1)

Three-arm randomized (1)

Four-arm randomized (1)

Two-arm randomized (7)

Three-arm randomized (1)

Figure 1. Design utilization of current Phase III trials in glioma.
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articles from different areas within the subject are fre-
quently published [13–16]. Here, we provide a framework 
of the molecular pathogenesis of glioma in an effort to 
provide perspective on the scope of the complexity of 
the disease and treatments. Mutations and alterations 
within cell-cycle regulatory pathways are common in 
gliomas. In primary GBM, amplification and overex-
pression of MDM2 and MDM4, two negative regulators 
of p53, is common and confers resistance to p53 tumor 

suppressor function [17,18]. Loss of p14ARF expression 
occurs in up to 76% of GBM [15]. Mutations in p53 are 
also common in oligodendroglial tumors [19]. Within 
the retinoblastoma (RB) pathway, inactivating muta-
tions of RB1 and p16 or activating mutations of CDK4 
or cyclin D are common [15]. Acquisition of a RB gene 
mutation is a common step in the transformation of a 
diffuse (WHO II) oligodendroglioma to a more aggres-
sive anaplastic (WHO III) oligodendroglioma [19]. 

Phase II studies (103) 

Integrated Phase |/II (28)

Phase II (75)

Single-arm (20)

Two-arm (6)

Three-arm (2)

Single-arm (50)

Two-arm (21)

Three-arm (3)

Four-arm (1)

Randomized (0)

Randomized (1)

Nonrandomized (1)

Nonrandomized (3)

Nonrandomized (0)

Sequential-accrual (1)

Randomized (16)

Nonrandomized (4)

Randomized (3)

Nonrandomized (3)

Randomized (1)

Figure 2. Design utilization of current Phase II studies in glioma.



Novel clinical trials in neuro-oncology Review: Clinical Trial Methodology

future science group Clin. Invest. (2011) 1(6) 785

Ta
bl

e 
1.

 S
in

gl
e-

ag
en

t t
ar

ge
te

d 
th

er
ap

eu
tic

 tr
ia

ls
 in

 m
al

ig
na

nt
 g

lio
m

a† .

Ta
rg

et
A

ut
ho

r, 
ye

ar
A

ge
nt

N
um

be
r o

f p
at

ie
nt

s 
(e

lig
ib

le
 h

is
to

lo
gy

)
6-

m
on

th
 P

FS
 

(%
)

Co
m

m
en

ts
Re

f.

PD
G

FR
a

Co
m

m
on

ly
 o

ve
re

xp
re

ss
ed

 in
 g

lio
m

a

W
en

 e
t a
l.,

 
20

06
 

Im
at

in
ib

55
 (M

G
)

3 
(G

BM
), 

10
 (A

G
)

Sm
al

l-
m

ol
ec

ul
e 

TK
I o

f P
D

G
FR

a
 a

nd
 P

D
G

FR
b,

 a
s 

w
el

l a
s 

Bc
r-

A
bl

, 
c-

Fm
s 

an
d 

c-
ki

t
[5
2]

EG
FR

Co
m

m
on

ly
 a

m
pl

ifi
ed

, o
ve

re
xp

re
ss

ed
 o

r c
on

st
itu

tiv
el

y 
ac

tiv
at

ed
 in

 
pr

im
ar

y 
G

BM

va
n 

de
n 

Be
nt

 
et
 a
l.,

 2
00

9 
Er

lo
tin

ib
11

0 
(G

BM
)

11
.4

Sm
al

l-
m

ol
ec

ul
e 

EF
G

R 
TK

I. 
Ra

nd
om

iz
ed

 P
ha

se
 II

 tr
ia

l v
s 

TM
Z 

or
 

BC
N

U
, w

ith
 c

on
tr

ol
 a

rm
 e

xh
ib

iti
ng

 6
 m

on
th

s 
PF

S 
24

%
[5
3]

Fr
an

ce
sc

hi
 

et
 a
l.,
 2

00
7 

G
efi

tin
ib

28
 (M

G
)

14
.3

Re
ve

rs
ib

le
 s

m
al

l-
m

ol
ec

ul
e 

EG
FR

 T
KI

[5
4]

Ri
ch

 e
t a
l.,

 
20

04
 

G
efi

tin
ib

57
 (G

BM
)

13
Re

ve
rs

ib
le

 s
m

al
l-

m
ol

ec
ul

e 
EG

FR
 T

KI
[5
5]

Fa
rn

es
yl

 tr
an

sf
er

as
e

In
vo

lv
ed

 in
 a

ct
iv

at
io

n 
of

 R
as

 p
at

hw
ay

, d
ow

ns
tr

ea
m

 o
f E

G
FR

 
an

d 
VE

G
FR

Cl
ou

gh
es

y 
et
 a
l.,

 2
00

6
Ti

pi
fa

rn
ib

89
 (M

G
)

11
.9

 (G
BM

) 9
.1

 
(A

G
)

In
hi

bi
ts

 R
as

 a
ct

iv
at

io
n,

 w
hi

ch
 is

 a
 d

ow
ns

tr
ea

m
 c

om
po

ne
nt

 o
f V

EG
F, 

EG
F 

an
d 

PD
G

F 
pa

th
w

ay
s,

 w
hi

ch
 a

re
 c

om
m

on
ly

 m
ut

at
ed

 in
 g

lio
m

as
[5
6]

Pr
ot

ei
n 

ki
na

se
 C

Fu
nc

tio
ns

 d
ow

ns
tr

ea
m

 in
 E

G
FR

 a
nd

 V
EG

FR
 a

ct
iv

at
ed

 p
at

hw
ay

s

Kr
ei

sl
 e
t a
l.,

 
20

10
 

En
za

st
au

rin
11

8 
(M

G
)

7 
(G

BM
), 

16
 (A

G
)

Pr
ot

ei
n 

ki
na

se
 C

 in
hi

bi
to

r w
ith

 m
ec

ha
ni

sm
 o

f a
ct

io
n 

do
w

ns
tr

ea
m

 in
 

bo
th

 E
G

F 
an

d 
VE

G
F 

pa
th

w
ay

s
[5
7]

W
ic

k 
et
 a
l.,

 
20

10
 

En
za

st
au

rin
26

6 
(G

BM
)

11
Ra

nd
om

iz
ed

 P
ha

se
 II

I i
n 

re
cu

rr
en

t G
BM

 v
s 

lo
m

us
tin

e 
(6

 m
on

th
s 

PF
S 

19
%

)
[5
8]

m
TO

R
Lo

ss
 o

f P
TE

N
 re

su
lts

 in
 a

ct
iv

at
io

n 
PI

3K
/A

kt
 p

at
hw

ay
 a

nd
 in

cr
ea

se
d 

ac
tiv

at
io

n 
of

 m
TO

R

Ch
an

g 
et
 a
l.,

 
20

05
 

Te
m

si
ro

lim
us

 
(C

CI
-7

79
)

43
 (G

BM
)

<
3

Fu
nc

tio
ns

 a
s 

an
 in

hi
bi

to
r o

f m
TO

R
[5
9]

In
te

gr
in

s
Tr

an
sm

em
br

an
e 

re
ce

pt
or

s 
th

at
 m

od
ul

at
e 

tu
m

or
 in

va
si

on
, 

m
ig

ra
tio

n,
 p

ro
lif

er
at

io
n,

 s
ur

vi
va

l a
nd

 a
ng

io
ge

ne
si

s

Re
ar

do
n 
et
 a
l.,

20
08

 
Ci

le
ng

iti
de

 
(4

–5
00

 m
g 

or
 

40
–2

00
0 

m
g)

81
 (G

BM
)

4–
50

0 
m

g:
 1

0,
 

40
–2

00
0 

m
g:

 
15

Co
m

pe
tit

iv
e 

in
hi

bi
to

r o
f a

vb
3 

an
d 

a
vb

5 
in

te
gr

in
 re

ce
pt

or
s

[6
0]

H
is

to
ne

 
de

ac
et

yl
as

e 
Pr

ev
en

ts
 e

xp
re

ss
io

n 
of

 g
en

es
 a

ss
oc

ia
te

d 
w

ith
 c

el
l-

cy
cl

e 
ar

re
st

, 
ap

op
to

si
s 

an
d 

tu
m

or
 c

el
l d

iff
er

en
tia

tio
n 

am
on

g 
ot

he
rs

G
al

an
is

 e
t a
l.,
 

20
09

 
Vo

rin
os

ta
t

66
 (G

BM
)

15
.2

Sm
al

l-
m

ol
ec

ul
e 

in
hi

bi
to

r o
f m

os
t h

um
an

 c
la

ss
 I 

an
d 

cl
as

s 
II 

hi
st

on
e 

de
ac

et
yl

as
es

[6
1]

† E
xa

m
pl

es
 o

f i
ne

ff
ec

tiv
e 

si
ng

le
-a

ge
nt

 ta
rg

et
ed

 th
er

ap
eu

tic
 tr

ia
ls

 th
at

 w
er

e 
co

nd
uc

te
d 

in
 p

at
ie

nt
s 

w
ith

 m
al

ig
na

nt
 g

lio
m

as
. I

t w
as

 fo
un

d 
th

at
 6

 m
on

th
 P

FS
 w

as
 s

ig
ni

fic
an

tly
 w

or
se

 th
an

 w
he

n 
co

nt
ro

ls
 w

er
e 

ut
ili

ze
d.

 T
he

 fa
ilu

re
 o

f s
in

gl
e-

ag
en

t t
ar

ge
te

d 
th

er
ap

ie
s 

is
 n

ot
 u

ne
xp

ec
te

d 
gi

ve
n 

th
e 

si
gn

ifi
ca

nt
 g

en
om

ic
 h

et
er

og
en

ei
ty

 e
vi

de
nc

ed
 w

ith
in

 g
lio

m
as

.
AG

: A
na

pl
as

tic
 g

lio
m

a;
 B

CN
U

: B
is

-c
hl

or
oe

th
yI

ni
tr

os
ou

re
a;

 E
G

FR
: E

G
F 

re
ce

pt
or

; G
BM

: G
lio

bl
as

to
m

a 
m

ul
tif

or
m

e;
 M

G
: M

al
ig

na
nt

 g
lio

m
a 

(W
H

O
 g

ra
de

 3
 &

 4
); 

PD
G

FR
: P

D
G

F 
re

ce
pt

or
; P

FS
: P

ro
gr

es
si

on
-f

re
e 

su
rv

iv
al

; T
KI

: T
yr

os
in

e 
ki

na
se

 in
hi

bi
to

r; 
TM

Z:
 T

em
oz

ol
om

id
e;

 V
EG

FR
: V

EG
F 

re
cp

to
r.



www.future-science.com future science group786

Review: Clinical Trial Methodology  Mammoser, Blas-Boria & Gilbert

Signaling pathways commonly exhibit alterations that 
result in uncontrolled growth, proliferation, angiogen-
esis and invasion. This can be as a result of overexpres-
sion, amplification or mutation of the cell membrane 
receptor tyrosine kinases that activate these pathways, 
as in the aforementioned cases of EGFR and PDGFR, or 
as a result of alterations within the pathways themselves. 
Pathways commonly affected in glioma include Ras-
Raf-MAPK-ERK and PI3K–PTEN–Akt–mTOR [13]. 
Mutations that are common to both primary GBM 
and progression of anaplastic astrocytoma to second-
ary GBM include loss of heterozygosity (LOH) of 10q 
(the location of the PTEN gene), as well as mutation or 
loss of PTEN [20] itself, and mutation or amplification 
of phosphoinositide 3-kinase with associated increases 
in phosphorylated Akt levels [21]. In oligodendroglial 
tumors, combined LOH of 1p and 19q is a common 
early alteration [19], as is LOH of 4q [22]. Recently, IDH1 
and IDH2 mutations were identified as common early 
alterations in the development of both diffuse astro-
cytic and oligodendroglial tumors [23]. The mutation 

results in a loss of function that 
ultimately renders a cell less resis-
tant to apoptosis, as well as a gain 
of function leading to the accumu-
lation of 2-hydroxyglutarate, which 
is believed to function as an onco-
metabolite by increasing oxidative 
stress. These mutations are not 
common in either primary GBM 
or in pilocytic astrocytoma [24]. 
Overexpression of VEGF is a com-
mon characteristic of both primary 
and secondary GBM, as well as 
anaplastic oligodendroglioma [13,16]. 
The resulting increased vascularity 
can be targeted therapeutically using 
agents that bind VEGF itself (e.g., 
BEV and aflibercept), bind to the 
VEGF receptor (e.g., ramucirumab 
and CT-322) or that interfere with 
signaling pathways that play a role 
in vascular proliferation (e.g., cedi-
ranib, pazopanib, sunitinib and 
XL184) [25].

In addition to targeting aberrant 
signaling pathways and angiogene-
sis, there has be a great deal of atten-
tion paid recently to glioma stem 
cells and mechanisms of invasion/
migration, as these characteristics 
are believed to play a significant role 
in refractoriness/recurrence of dis-
ease after initial treatment. CD 133+ 

glioma cells, the first cells to show evidence of ‘stemness’ 
in brain tumor models [26], have been shown to be more 
radioresistant than CD 133- cells [27]. Investigational 
therapeutic strategies aimed at stem cells include pro-
moting differentiation and targeting developmental 
signaling pathways such as Notch, Sonic Hedgehog, 
Wingless, Homeobox and PTEN [28]. Glioma cell 
migration and invasion is also an area of active research. 
Tissue micro environment, especially in the setting of 
hypoxia, is postulated to play a role in migration and 
invasion. Much research is being conducted on hypoxia 
inducible factor 1 and other factors [29]. The possibility 
of matrix metalloproteins and integrins as a target for 
therapeutics against migration and invasion has also 
been explored, as have TGFs [30]. 

Prognostic/predictive factors
In an effort to minimize patient exposure to ineffec-
tive treatment, while at the same time maximizing 
the likelihood that a targeted treatment will prove 
effective, biologic markers are being sought that will 

Table 2. Categories of molecular targets.

Categories of molecular targets Action/target

EGF/EGFR Activation of EGFR results in cell proliferation, invasion, 
migration, survival and differentiation. Amplification or 
overexpression occurs in glioblastoma

Farnesyl transferase Involved in activation of the Ras/MAPK signal 
transduction pathway

Histone deacetylase Prevents expression of genes associated with cell-
cycle arrest, apoptosis and tumor-cell differentiation 
among others

Integrins Transmembrane receptors that modulate tumor 
invasion, migration, proliferation, survival 
and angiogenesis

IGF-1R Involved in activation of PI3K/Akt and Ras/MAPK 
signaling pathways

mTOR Loss of PTEN results in activation PI3K/Akt pathway and 
increased activation of mTOR

PDGF/PDGFR Activation of signal transduction pathways including 
Ras/MAPK pathway. Overexpression occurs 
in glioblastoma

PKC (PKCa, PKCb, PKCd) Involved in signaling pathways for cell migration, 
angiogenesis and invasion

Proteasome Ubiquitin-proteasome pathway involved in the 
degradation of intracellular regulatory proteins

RAF kinase Involved in activation of the Ras/MAPK signal 
transduction pathway

TGF-b/TGF-b receptor Elevated in gliomas, involved in angiogenesis, 
cell invasion and proliferation

VEGF/VEGFR Involved in angiogenesis
EGFR: EGF receptor; IGF-1R: IGF-1 receptor; PDGFR: PDGF receptor; VEGFR: VEGF receptor.
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predict either response or resistance to a drug. For 
example, only patients with breast cancer overexpress-
ing HER2/neu receptor benefit from treatment with 
trastuzumab, a monoclonal antibody targeted against 
this receptor [31]. Without HER2/neu overexpression 
as an entry criterion, the definitive randomized clinical 
trial would have required over 5000 patients and more 
likely, a smaller trial would not have clearly defined 
the efficacy of this agent. Similarly, the presence of the 
Philadelphia chromosome predicts for response to ima-
tinib, and specific mutations in the EGFR receptor in 
lung cancers are predictive of response to erlotinib and 
gefitinib. Unfortunately, despite the identification of 
numerous markers in gliomas, thus far none have proved 
to be predictive. 

Despite the absence of established predictive factors, 
prognostic factors are critically important for clini-
cal trial design. Prognostic factors must be balanced 
between arms for optimal comparisons. Recent studies 
suggest that the methylation status of the promoter 
region of the DNA-repair gene MGMT is prognos-
tic for patients with GBM, and although it may also 
be associated with responsiveness to TMZ, it has not 
been clearly determined if MGMT methylation status 
is truly predictive [32,33]. In addition, the discovery of 
molecular alterations in anaplastic oligodendroglioma, 
namely allelic loss of the 1p 19q chromosome arms, is 
associated with a high rate of response to both radia-
tion and chemotherapy, and the marked improvement 
in prognosis has altered the approach to treatment in 
community practice and clinical trial design. Early 
chemotherapy versus salvage at recurrence has not 
been shown to impact survival [34,35]. Since 1p 19q 
LOH does not identify a specific treatment, it remains 
an important prognostic, but not predictive factor. 
Protocol stratification of patients with anaplastic oligo-
dendroglioma is now dictated by the results of molecu-
lar ana lysis and in fact, the prognosis of patients with 
oligodendroglioma is so different based on the 1p19q 
LOH determination, that these tumors are now con-
sidered independently. Likewise, the relatively recent 
discovery of mutations in the IDH1 gene appear to 
occur frequently as an early mutation in a subgroup of 
low-grade gliomas, prior to differentiation to astrocytic 
or oligodendroglial lineage, and are associated with 
improved prognosis but are not predictive of response 
to specific treatment. IDH1 mutations that have been 
identified in a select group of gliomas correlated with 
longer overall survival, but are unrelated to specific 
chemotherapy [36,37]. 

In addition to the identification of single molecular 
factors, there has been increasing interest in determin-
ing molecular profiles that are prognostic or predictive 
for specific diseases. For example, an expression panel 

of 38 genes isolated from 110 GBM specimens from 
four separate large cancer institutions was found to be 
highly correlated with prognosis [38]. From this panel, a 
nine-gene assay was developed that could yield impor-
tant prognostic information with the added benefit of 
using formalin-fixed paraffin embedded tumor tissue. 
Similarly, a CpG-island methylation profile for glioma 
(G-CIMP) has been identified that is associated with 
improved outcomes across all grades of glioma [39]. 
Other modalities of characterizing tumors such as 
protein-expression profiling [40] and micro RNA pro-
filing [41,42] are also underway. Incorporation of these 
molecular profiles into clinical trial designs will enhance 
the veracity of stratification for randomized studies, 
as well as provide opportunities to develop predictive 
factors for treatment response and failure.

Novel trial designs
Evaluation of new agents and treatment regimens has 
been slowed by conventional Phase I/II approaches 
that are time consuming and inefficient, particularly 
for combination regimens. Studies to date demon-
strate that treatment with a single signal-transduction 
modulator has only modest efficacy. Given the com-
plex molecular pathways, combination strategies may be 
superior, which in the context of the growing number of 
therapeutics designed to target the abnormal signaling 
pathways, makes testing of the possible combination 
regimens quite daunting. Simple doublet combinations 
of selected agents from the more than 12 pathway tar-
gets yield >4000 possible combination regimens. It is 
for this reason that when designing clinical trials we 
need to utilize designs that improve efficiency by rapidly 
eliminating arms containing ineffective regimens, test 
combinations simultaneously and shorten the path to 
definitive testing in Phase III trials. 

 ■ Sequential accrual
Combined Phase I/II sequential accrual trials are 
designed to avoid the down time associated with closure 
of a cohort at the completion of accrual to a specific dose 
level. This design is based on the 3 + 3 Phase I design, 
but is modified to test several agents or therapeutic com-
binations in a single trial. As the first agent/combination 
finishes accruing and is on hold while awaiting toxicity 
data, the next arm testing a separate agent/combination 
can begin accruing. This pattern continues as each arm 
continues its evaluation until reaching the goal dose or 
the maximum tolerated dose within each arm. Once 
all dose levels have been set, the Phase II portion of the 
study ensues, and is most efficient for trials with a two-
stage design. Patients are again sequentially enrolled so 
that evaluation of the stage I efficacy of arm 1 should 
be possible soon after the initial accrual to stage I of 



www.future-science.com future science group788

Review: Clinical Trial Methodology  Mammoser, Blas-Boria & Gilbert

arm 3 is complete. If arm 1 shows efficacy, accrual is 
completed. The same ana lysis occurs for arms 2 and 3 
in sequential order. 

Employing this strategy within neuro-oncology trials 
has several benefits. The sequential nature of this design 
ensures that arms will be open when eligible patients are 
available for enrollment, which is important due to the 
low incidence rates of these diseases. In addition, this 
design allows the investigator to arrange for testing of 
multiple drugs/drug combinations with a single proto-
col, making it both more time and cost efficient, while 
maximizing the information obtained from conducting 
the trial.

 ■ ‘Pick the winner’ design
This schema can be employed as a retrospective ana-
lysis of a series of single-arm Phase II trials with similar 
eligibility criteria and primary end points. The results of 
the trials are compared and the most promising agent(s) 
or combination(s) are taken forward for further test-
ing. This approach can be problematic because of the 
confounding effects of each independent trial, such as 
referral bias, differences in supportive or ancillary care, 
and identifying trials with similar eligibility criteria and 
primary end points. When these factors are taken into 
account, however, this design can aid in interpreting the 
numerous single-arm Phase II studies that have been 
performed within the field of neuro-oncology over the 
preceding decade. This design does not allow for a 
definitive comparison of treatments; however, it does 
provide some degree of assurance, as more promising 
regimens are taken forward for further testing.

Another possible iteration of the design consists of 
prospectively testing multiple promising regimens, 
schedules or single drugs, and performing a random-
ized trial with several arms. This design eliminates the 
confounding factors noted with the retrospective version. 
It is also more time and cost efficient, as it tests multiple 
combinations within a single protocol. This serves as a 
screening design to take the superior regimen(s) forward 
for more definitive clinical testing. This type of design is 
not powered to obtain statistical validation of the supe-
rior treatment, but, as with the retrospective design, it 
does provide some assurance that the chosen regimen is 
likely not inferior. From a logistic standpoint, this is com-
monly done with therapies that have already obtained an 
indication for treating another condition, as combin-
ing unproven therapies from competing pharmaceutical 
companies in the same trial often proves challenging.

 ■ Factorial
The factorial-trial design allows for evaluation of mul-
tiple treatment combinations simultaneously, while 
requiring fewer patients per combination than an 

equivalent series of Phase II trials. Ideally, all treat-
ment arms are interrelated, but the individual compo-
nents should not have direct interactions. This design 
may be most useful at looking at combined treatment 
iterations. For example, the factorial design was suc-
cessfully utilized in a recently published clinical trial 
that combined a dose-dense regimen of TMZ with 
three well-tolerated agents (celecoxib, thalidomide and 
isotretinoin) leading to eight distinct treatment arms 
(Figure 3) [43]. This strategy, with 20 patients enrolled 
in each arm, can look at the impact of including each of 
the agents (e.g., 80 patients received a celecoxib contain-
ing regimen and 80 patients did not) with reasonable 
statistical power (the impact of each individual agent 
powered at 95% to detect a 50% reduction in hazard 
rate). In addition, the impact of combined therapies 
can be tested, in particular if there is benefit of a triplet 
combination (TMZ plus two agents, 60 patients) versus 
a doublet combination (60 patients) that can be evalu-
ated (powered at 90% to see a reduction of hazard rate 
of 50%). 

There are limitations to the factorial design, includ-
ing unpredictable impact of unforeseen treatment inter-
actions among agents in combination affecting efficacy, 
resulting in increased complexity of the statistical ana-
lysis, particularly if the observed interaction negatively 
affects the efficacy of a treatment or if the magnitude 
of the interaction between agents is large [44]. Statistical 
interactions whereby a model designed with the expecta-
tion that the effect of a combination will be additive, but 
in fact the interaction is multiplicative, or vice versa, can 
also negatively affect the ability to interpret a factorial 
study [45].

 ■ Randomized discontinuation
Randomized discontinuation trials were first proposed 
by Amery in 1975 [46]. This design assesses the clinical 
activity of a drug while minimizing the use of placebo. 
In this design, all patients receive the study drug for an 
initial period, followed by blinded randomization of 
patients with stable disease to either continue the study 
drug or switch to placebo, while patients with response 
continue on treatment and patients with progression 
stop treatment (Figure 4). From a patient perspective 
the fact that all of the arms of this trial contain the 
study drug may present more of an acceptable ‘risk’ and 
therefore may aid in patient accrual. Patients random-
ized to placebo who progress are unblinded and allowed 
to crossover to the treatment group. This type of design 
increases statistical power with a smaller number of 
patients and again represents a more efficient means 
of obtaining meaningful data than the standard single 
arm Phase II design. Ratain et al. performed a Phase II 
placebo-controlled randomized discontinuation trial of 
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sorafenib in patients with metastatic renal cell carcinoma; 
202 patients were treated with sorafenib for 12 weeks, 
at which point the 65 patients that had stable disease 
were randomly assigned to sorafenib or placebo for 12 
additional weeks. At 24 weeks, 50% of the sorafenib-
treated patients were progression free versus 18% of the 
placebo-treated patients (p = 0.0077) [47].

While this design is likely to be most effective in 
testing monotherapy for logistic reasons the potential 
exists to use this schema for combination regimens, as 
well. One could envision testing a targeted therapy in 
combination with a cytotoxic backbone, such as TMZ, 
and then randomizing patients with stable disease to 
either continued combination treatment or TMZ and 

placebo, or even discontinuing TMZ and randomizing 
to single agent study drug or placebo once they have 
reached a specified timepoint (e.g., median progres-
sion free survival, 12 cycles of treatment). This design 
could help to more definitively answer the question 
of whether or not many of these newer therapies have 
activity against glioma.

 ■ Adaptive randomization design
The Bayesian-based adaptive randomization design is a 
multiple-arm study. Allocation of patients is based on 
Bayesian probability of treatment efficacy. Accrual to 
the arms can be equal from the start or can take into 
consideration available data to weight accrual positively 

Factorial design
2 × 2 × 2

A

A + B

A + C

A + D

A + B + C

A + B + D

A + C + D

A + B + C + D

Surgery followed by radiation
+ concurrent TMZ 75 mg/m2

Group 1: TMZ 150 mg/m2

7 day on, 7 day off schedule

Group 2: TMZ 150 mg/m2 
+ thalidomide 400 mg/day

Group 3: TMZ 150 mg/m2

+ isotretinoin 100 mg/m2

Group 4: TMZ 150 mg/m2 

+ celecoxib 400 mg b.i.d. orally

Group 5: TMZ 150 mg/m2 

+ thalidomide + isotretinoin

Group 6: TMZ 150 mg/m2 

+ thalidomide + celecoxib

Group 7: TMZ 150 mg/m2 

+ isotretinoin + celecoxib

Group 8: TMZ + thalidomide
+ isotretinoin + celecoxib

Figure 3. Factorial trial design. (A) Design for an eight arm 2 × 2 × 2 factorial trial featuring drug A as the ‘backbone’ used alone 
or in doublet, triplet or quadruplet combinations of drugs B, C and D. (B) Design of trial 2004–0662, a combined MD Anderson 
Cancer Center/CCOP factorial trial utilizing a dose-intensified regimen of temozolomide as a ‘backbone,’ alone or in doublet, triplet or 
quadruplet combinations of thalidomide, isotretinoin and celecoxib. 
b.i.d.: Twice daily; TMZ: Temozolomide.
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or negatively to various arms. In trials with equal weight-
ing of arms at the outset, accrual of ten–20 patients to 
each arm is followed by an interim ana lysis to integrate 
acquired information and adjust the formula for patient 
allocation to various arms. Treatment arms with success 
are more likely to accrue patients. Treatment arms with 
poor results have decreased probability of accruing and 
ultimately can be dropped depending on design, alterna-
tive arms can be added depending on design and accrual 
continues until clear evidence of superior treatment(s) 
emerges (Figure 5). The benefit of this design is that arms 
with less chance of success accrue fewer patients over 
time and arms with greater chance of success accrue more 
patients. Not only is this more time and cost effective, as 
more resources are directed towards more promising treat-
ments, it is also preferable to patients as it becomes more 
likely over time that they will receive an efficacious treat-
ment. This stands to improve accrual to the trial when 
discussing this aspect of the trial design with patients. 
The clinicaltrials.gov search referenced previously in 
this review revealed two trials that currently employ this 
design, though neither is yet recruiting patients [105]. 
NCT01266031 is a Phase I/II adaptive randomized 
trial of single agent BEV versus BEV plus vorinostat in 
recurrent GBM. NCT01110876 is a Phase I/II adaptive 
randomized trial of the combination of vorinostat and 
erlotinib ± carboplatin for recurrent GBM. 

In the neuro-oncology field, much like the rest of 
oncology, targeted therapies are widely studied, and 
biomarker assessment in an effort to find a predictor 

of treatment efficacy has become a critical component. 
Adaptive randomized trial design can allow for integra-
tion of new information obtained about biomarkers and 
their potential predictive capability, which at the begin-
ning of the trial was not available. While examples of 
this within neuro-oncology have yet to take place, trials 
in other cancers such as Investigation of Serial Studies 
to Predict Your Therapeutic Response with Imaging 
and Molecular Analysis 2 (I-SPY2) in breast cancer and 
Biomarker Integrated Approaches of Targeted Therapy 
for Lung Cancer Elimination (BATTLE) in lung can-
cer, which are further discussed below, are now showing 
the potential that designs such as this have in guiding 
treatment based on the predictive power of biomarkers, 
allowing for further biomarker discovery, elucidating 
differences in disease subtypes and furthering the idea 
of personalized cancer therapy.

 ■ Seamless integrated Phase II/III trials
There have been a large number of noncomparative 
single-arm Phase II trials conducted in many areas of 
oncology. Within the field of neuro-oncology, this had 
occurred most frequently in the setting of recurrent 
malignant glioma. Integrated Phase II/III trial designs 
can be utilized to facilitate the rapid definitive evalu-
ation of a promising regimen. This design is typically 
employed in the setting of testing agents or combina-
tions of agents that have promising preliminary data, but 
where more evidence is needed prior to committing to 
the undertaking of a Phase III trial [48]. The initial stage 

Response
Continue
treatment

Stable disease

Progression
Stop 

treatment

Agent

Placebo

Time to progression

Time to progression

All patients

Treatment 
with agent

Response
assessment

Figure 4. Randomized discontinuation trial design. At enrollment, all patients receive study treatment. Patients 
with a response continue treatment; patients with progression are discontinued from treatment; patients with 
stable disease are randomized in a blinded fashion to either continued study treatment or placebo. There is the 
option of crossover for patients who progress on placebo.
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of the trial employs a randomized, multi-arm Phase II 
study. A control standard of care arm can be included 
as a reference arm to ensure no significant deviation 
from historical controls (frequently with randomization 
weighted towards the experimental arms in a defined 
ratio; i.e., 2:1). The trial is not powered for direct com-
parison of experimental arms or against the reference 
arm, although it can be powered to ascertain non-
inferiority. Newer designs are integrating an adaptable 
approach to allocate patients to arms that are showing 
more benefit, while eliminating underperforming arms 
for efficiency of accrual and limiting patient exposure 
to drugs with inferior efficacy [49]. When the Phase II 
portion is completed, the most promising arm(s) is (are) 
carried forward to a Phase III trial. This design is more 
time efficient in that the Phase III portion of the trial is 
written upfront and therefore the approval process for 
the Phase II and III portions is simultaneous. It is also 
more resource and patient efficient, since the patients 
enrolled in the Phase II arms count towards the accrual 
for the Phase III study. Progression-free survival end 
points are often utilized in the Phase II portion and are 
typically replaced with overall survival end points for 
the Phase III portion, often permitting patients accrued 
to the Phase II component to be included in the accrual 
and evaluation of the Phase III study, as noted above. 
In the event that none of the arms of the Phase II study 
ultimately demonstrate efficacy to warrant continuation 
on to a Phase III study, the trial can be closed.

Continuing evolution of study designs
The concepts underlying many of these study designs 
have been present for decades. As technology advances, 
so too does our ability to accurately model these pro-
posed designs. In addition, ever-advancing molecular 
evaluation techniques raise the possibility of estab-
lishing response predictors leading to enrichment or 
selection strategies. As such, adaptive designs based 
on biomarkers are being developed, 
permitting optimal assessment of 
treatment efficacy while advanc-
ing the concept of personalized 
treatment. There are an increas-
ing number of cancer clinical trials 
using some of these novel clinical 
trial designs. Recently, an adaptive 
Phase II multicenter trial in non-
small-cell lung cancer, BATTLE, 
was designed to assign treatment 
based on the presence of predic-
tive biomarkers. The markers 
were chosen ahead of time, and 
included EGFR and KRAS muta-
tions, increased copy number of 

EGFR and cyclin D1, and increased VEGFR expres-
sion. The four treatment arms were erlotinib, sorafenib, 
and vandetanib or erlotinib plus bexarotene. Primary 
end points were disease control at 8 weeks. Patients 
were initially randomly accrued to the treatment arms 
with equal probability. After a predetermined accrual, 
ana lysis was conducted to determine biomarker predic-
tion of response or resistance to treatment arms, and 
probability of accrual to these arms was then adjusted. 
Preliminary results indicated that patients with KRAS 
mutations responded better to sorafenib, EGFR muta-
tions responded better to erlotinib, increased copy 
number of cyclin D1 and EGFR responded better to 
the erlotinib and bexarotene combination, and elevated 
expression of VEFGR2 responded better to vandetinib. 
A follow-up trial, BATTLE-2, is being planned with 
fewer predetermined stratifying biomarkers, with the 
intention of conducting extensive molecular ana lysis 
and allowing for discovery of predictive markers as the 
trial accrues [50].

A similar biomarker-driven trial is being conducted 
in the neoadjuvant setting for locally advanced (>3 cm) 
breast cancer. I-SPY2 is an adaptive Phase II study 
with a primary end point of complete tumor response. 
However, the trial is enhanced by the secondary end 
points that are designed to validate biomarkers in the 
evaluation of new drugs with the goal of adaptive ran-
domization based on these signatures. The trial has 
seven arms, with two standard of care arms and five 
arms combining standard treatment with an investi-
gational drug. Pretreatment tumor molecular profil-
ing and tumor biopsies during treatment are impor-
tant features of the trial. Each combination will be 
tested on a minimum of 20 patients and a maximum 
of 120 patients, with underperforming arms elimi-
nated and arms with a high Bayesian probability of 
Phase III success ‘graduated’ to further investigation 
in a Phase III trial [51].

A + B

A + C

A + B + C

Winner

Figure 5. Adaptive randomized trial design. Randomization to multiarm studies in this 
design is weighted based on the regimen’s probability of efficacy. This allows for utilization of 
data as it is accrued and minimizes the probability that patients will be enrolled to an arm with 
an ineffective treatment regimen, while maximizing the probability that they will be treated 
with a regimen that is demonstrating efficacy. The vertical arrows represent a predetermined 
interim accrual point (e.g., ten patients/arm) at which time available data is analyzed and 
randomization probability to the arms is adjusted.
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Future perspective
Tremendous strides are being made in our understand-
ing of the molecular biology of malignancy as the bio-
technology industry continues to expand and refine the 
techniques by which we study these diseases. Genetic 
and other tumor-specific information is being gathered 
at a very rapid rate, leading to the uncovering of many 
possible therapeutic targets. This has led to an increasing 
need to rapidly test new agents and combinations, rec-
ognizing limits in patient and economic resources. The 
new clinical trial designs, particularly when integrated 
with tumor molecular profiling and other predictors of 
response, will help accelerate improvement in therapy. 

Standard treatment regimens for malignant brain 
tumors will likely evolve to personalized treatment 
combinations consisting of a cytotoxic agent such as 

TMZ in combination with several targeted agents that 
are selected specifically for patients and their cancer. 
This change in approach, accompanied by continued 
improvement in patient outcomes, will usher in the 
dawn of true personalized cancer therapy.summary
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Executive summary

 ■ Despite improved techniques, surgery for malignant brain tumors is not curative.
 ■ The blood–brain barrier, disease heterogeneity and suboptimal vascular supply limit the effectiveness of many agents that are 
efficacious in the treatment of systemic cancers.

 ■ Clinical research in neuro-oncology is complicated by low incidence rates leading to prolonged enrollment, long time to 
progression in lower grade tumors leading to prolonged trial duration, and ambiguous outcome measures resulting in difficulty 
standardizing trial evaluation. 

Gliomagenesis
 ■ Malignant gliomas are commonly distinguished by their cell of origin (astrocyte or oligodendrocyte) and by whether or not they 
originated as a high-grade tumor (primary glioblastoma) or evolved from a lower grade tumor (diffuse astrocytoma, anaplastic 
astrocytoma or secondary glioblastoma). These distinctions are commonly associated with well-described genetic mutations.
 ■ IDH1 and IDH2 mutations were recently identified as common early alterations in diffuse astrocytic and oligodendroglial tumors.

Prognostic/predictive factors
 ■ While numerous isolated molecular factors as well several molecular profiles of malignant brain tumors exist and are associated 
with prognosis, as of yet predictive markers of treatment response for brain tumors do not exist.

 ■ As further prognostic factors are identified, their use in patient stratification for clinical trials needs to be taken into account.

Novel trial designs
 ■ Utilization of designs that minimize trial down time, account for incorporation of accumulating information, minimize patient 
exposure to placebo or ineffective therapies, maximize data acquisition, allow for efficiency in the approval process and integrate 
biomarker discovery and utilization, are needed to efficiently evaluate the increasing number of therapies available.

 ■ Trial objectives need to be carefully considered when weighing the advantages and disadvantages of implementation of novel 
trial designs.

Bibliography
Papers of special note have been highlighted as:
n	 of interest
n		n	 of considerable interest

1 Brandes AA, Franceschi E, Tosoni A et al. 
MGMT promoter methylation status can 
predict the incidence and outcome of 
pseudoprogression after concomitant 
radiochemotherapy in newly diagnosed 
glioblastoma patients. J. Clin. Oncol. 26(13), 
2192–2197 (2008).

2 Macdonald DR, Cascino TL, Schold SC Jr, 
Cairncross JG. Response criteria for Phase II 
studies of supratentorial malignant glioma. 
J. Clin. Oncol. 8(7), 1277–1280 (1990).

3 Wen PY, Macdonald DR, Reardon DA et al. 
Updated response assessment criteria for 
high-grade gliomas: response assessment in 
neuro-oncology working group. J. Clin. Oncol. 
28(11), 1963–1972 (2010).

4 Dhermain FG, Hau P, Lanfermann H, 
Jacobs AH, van den Bent MJ. Advanced MRI 
and PET imaging for assessment of treatment 
response in patients with gliomas. Lancet 
Neurol. 9(9), 906–920 (2010).

5 The International Agency for Research on 
Cancer. In: WHO Classification of Tumours of 
the Central Nervous System (4th Edition). 
Louis DN, Ohgaki H, Wiestler (OD), Cavenee 
WK (Eds). Lyon, France 33–48 (2007). 

6 Giglio P, Villano JL. Newly diagnosed 
high-grade gliomas. Curr. Treat. Options 
Neurol. 12(4), 309–320 (2010).

n	 Provides a useful synopsis of recent and 
ongoing large collaborative efforts within the 
field of neuro-oncology.

7 O’Brien SG, Guilhot F, Larson RA et al. 
Imatinib compared with interferon and 
low-dose cytarabine for newly diagnosed 
chronic-phase chronic myeloid leukemia. 
N. Engl. J. Med. 348(11), 994–1004 (2003).

8 Stupp R, Mason WP, van den Bent MJ et al. 
Radiotherapy plus concomitant and adjuvant 
temozolomide for glioblastoma. N. Engl. 
J. Med. 352(10), 987–996 (2005).



Novel clinical trials in neuro-oncology Review: Clinical Trial Methodology

future science group Clin. Invest. (2011) 1(6) 793

9 Guha A, Dashner K, Black PM, Wagner JA, 
Stiles CD. Expression of PDGF and PDGF 
receptors in human astrocytoma operation 
specimens supports the existence of an autocrine 
loop. Int. J. Cancer 60(2), 168–173 (1995).

10 Hegi ME, Murat A, Lambiv WL, Stupp R. 
Brain tumors: molecular biology and targeted 
therapies. Ann. Oncol. 17(Suppl. 10), 
x191–x197 (2006).

11 Gan HK, Kaye AH, Luwor RB. The EGFRvIII 
variant in glioblastoma multiforme. J. Clin. 
Neurosci. 16(6), 748–754 (2009).

12 Shinojima N, Tada K, Shiraishi S et al. 
Prognostic value of epidermal growth factor 
receptor in patients with glioblastoma 
multiforme. Cancer Res. 63(20), 6962–6970 
(2003).

13 Wen PY, Kesari S. Malignant gliomas in adults. 
N. Engl. J. Med. 359(5), 492–507 (2008).

n	 Provides a comprehensive overview of adult 
gliomas, including very thorough coverage of 
the topic of gliomagenesis, as it was known at 
the time of publishing.

14 Cancer Genome Atlas Reseach Network. 
Comprehensive genomic characterization 
defines human glioblastoma genes and core 
pathways. Nature 455(7216), 1061–1068 
(2008).

15 Kanu OO, Hughes B, Di C et al. Glioblastoma 
multiforme oncogenomics and signaling 
pathways. Clin. Med. Oncol. 3, 39–52 (2009).

16 Riemenschneider MJ, Jeuken JW, Wesseling P, 
Reifenberger G. Molecular diagnostics of 
gliomas: state of the art. Acta Neuropathol. 
120(5), 567–584 (2010).

17 Reifenberger G, Liu L, Ichimura K, 
Schmidt EE, Collins VP. Amplification and 
overexpression of the MDM2 gene in a subset 
of human malignant gliomas without p53 
mutations. Cancer Res. 53(12), 2736–2739 
(1993).

18 Riemenschneider MJ, Buschges R, Wolter M 
et al. Amplification and overexpression of the 
MDM4 (MDMX) gene from 1q32 in a subset 
of malignant gliomas without TP53 mutation 
or MDM2 amplification. Cancer Res. 59(24), 
6091–6096 (1999).

19 Cairncross JG, Ueki K, Zlatescu MC et al. 
Specific genetic predictors of chemotherapeutic 
response and survival in patients with anaplastic 
oligodendrogliomas. J. Natl Cancer Inst. 90(19), 
1473–1479 (1998).

20 Watanabe T, Yokoo H, Yokoo M, 
Yonekawa Y, Kleihues P, Ohgaki H. 
Concurrent inactivation of RB1 and TP53 
pathways in anaplastic oligodendrogliomas. 
J. Neuropathol. Exp. Neurol. 60(12), 
1181–1189 (2001).

21 Ohgaki H, Kleihues P. Genetic pathways to 
primary and secondary glioblastoma. 
Am. J. Pathol. 170(5), 1445–1453 (2007).

22 Bigner SH, Matthews MR, Rasheed BK et al. 
Molecular genetic aspects of 
oligodendrogliomas including ana lysis by 
comparative genomic hybridization. 
Am. J. Pathol. 155(2), 375–386 (1999).

23 Labussiere M, Sanson M, Idbaih A, 
Delattre JY. IDH1 gene mutations: a new 
paradigm in glioma prognosis and therapy? 
Oncologist 15(2), 196–199 (2010) 

n		n	 Discusses the recent discovery of the IDH1 
gene mutation in the context of gain and loss 
of function, potential role in gliomagenesis 
and its use as a molecular marker in patients 
with glioma.

24 Yan H, Parsons DW, Jin G et al. IDH1 and 
IDH2 mutations in gliomas. N. Engl. J. Med. 
360(8), 765–773 (2009).

n		n	 Seminal paper describing the discovery of 
IDH1 and IDH2 mutations in diffuse 
astrocytomas and oligodendrogliomas. 
Of note, this mutation is rare among 
primary glioblastoma and is not found in 
pilocytic astrocytoma, suggesting it is an 
early mutation prior to differentiation to 
astrocytic or oligodendroglial lineage.

25 Reardon DA, Turner S, Peters KB et al. 
A Review of VEGF/VEGFR-targeted 
therapeutics for recurrent glioblastoma. 
J. Natl Compr. Canc. Netw. 9(4), 414–427 
(2011).

26 Singh SK, Clarke ID, Terasaki M et al. 
Identification of a cancer stem cell in human 
brain tumors. Cancer Res. 63(18), 5821–5828 
(2003).

27 Bao S, Wu Q, Mclendon RE et al. 
Glioma stem cells promote radioresistance by 
preferential activation of the DNA damage 
response. Nature 444(7120), 756–760 
(2006).

28 Dirks PB. Brain tumor stem cells: bringing 
order to the chaos of brain cancer. J. Clin. 
Oncol. 26(17), 2916–2924 (2008).

29 Barcellos-Hoff MH, Newcomb EW, 
Zagzag D, Narayana A. Therapeutic targets 
in malignant glioblastoma microenvironment. 
Semin. Radiat. Oncol. 19(3), 163–170 (2009).

30 Onishi M, Ichikawa T, Kurozumi K, Date I. 
Angiogenesis and invasion in glioma. Brain 
Tumor Pathol. 28(1), 13–24 (2011).

31 Slamon DJ, Leyland-Jones B, Shak S et al. 
Use of chemotherapy plus a monoclonal 
antibody against HER2 for metastatic breast 
cancer that overexpresses HER2. N. Engl. 
J. Med. 344(11), 783–792 (2001).

32 Hegi ME, Diserens AC, Gorlia T et al. 
MGMT gene silencing and benefit from 
temozolomide in glioblastoma. N. Engl. 
J. Med. 352(10), 997–1003 (2005).

33 van den Bent MJ, Dubbink HJ, Sanson M 
et al. MGMT promoter methylation is 
prognostic but not predictive for outcome to 
adjuvant PCV chemotherapy in anaplastic 
oligodendroglial tumors: a report from 
EORTC Brain Tumor Group Study 26951. 
J. Clin. Oncol. 27(35), 5881–5886 (2009).

34 van den Bent MJ, Carpentier AF, Brandes AA 
et al. Adjuvant procarbazine, lomustine, and 
vincristine improves progression-free survival 
but not overall survival in newly diagnosed 
anaplastic oligodendrogliomas and 
oligoastrocytomas: a randomized European 
Organisation for Research and Treatment of 
Cancer Phase III trial. J. Clin. Oncol. 24(18), 
2715–2722 (2006).

35 Cairncross G, Berkey B, Shaw E et al. 
Phase III trial of chemotherapy plus 
radiotherapy compared with radiotherapy 
alone for pure and mixed anaplastic 
oligodendroglioma: Intergroup Radiation 
Therapy Oncology Group Trial 9402. J. Clin. 
Oncol. 24(18), 2707–2714 (2006).

36 Dubbink HJ, Taal W, Van Marion R et al. 
IDH1 mutations in low-grade astrocytomas 
predict survival but not response to 
temozolomide. Neurology 73(21), 1792–1795 
(2009).

n		n	 Discusses the prognostic implications of the 
IDH1 mutation and sets the stage for the use 
of this molecular marker for stratification of 
patients enrolled in clinical trials.

37 Van Den Bent MJ, Dubbink HJ, Marie Y 
et al. IDH1 and IDH2 mutations are 
prognostic but not predictive for outcome in 
anaplastic oligodendroglial tumors: a report 
of the European Organization for Research 
and Treatment of Cancer Brain Tumor 
Group. Clin. Cancer Res. 16(5), 1597–1604 
(2010).

38 Colman H, Zhang L, Sulman EP et al. 
A multigene predictor of outcome in 
glioblastoma. Neuro Oncol. 12(1), 49–57 
(2010).

39 Noushmehr H, Weisenberger DJ, Diefes K 
et al. Identification of a CpG island 
methylator phenotype that defines a distinct 
subgroup of glioma. Cancer Cell 17(5), 
510–522 (2010).

40 Grzendowski M, Wolter M, 
Riemenschneider MJ et al. Differential 
proteome ana lysis of human gliomas stratified 
for loss of heterozygosity on chromosomal 
arms 1p and 19q. Neuro Oncol. 12(3), 
243–256 (2010).



www.future-science.com future science group794

Review: Clinical Trial Methodology  Mammoser, Blas-Boria & Gilbert

41 Lawler S, Chiocca EA. Emerging functions of 
microRNAs in glioblastoma. J. Neurooncol. 
92(3), 297–306 (2009).

42 Rao SA, Santosh V, Somasundaram K. 
Genome-wide expression profiling identifies 
deregulated miRNAs in malignant 
astrocytoma. Mod. Pathol. 23(10), 1404–1417 
(2010).

43 Gilbert MR, Gonzalez J, Hunter K et al. 
A Phase I factorial design study of dose-dense 
temozolomide alone and in combination with 
thalidomide, isotretinoin, and/or celecoxib as 
postchemoradiation adjuvant therapy for newly 
diagnosed glioblastoma. Neuro Oncol. 12(11), 
1167–1172 (2010).

n	 Recently published trial demonstrating the 
successful implementation of novel clinical-
trial design within the field of neuro oncology.

44 Mcalister FA, Straus SE, Sackett DL, 
Altman DG. Analysis and reporting of factorial 
trials: a systematic review. JAMA 289(19), 
2545–2553 (2003).

45 Green S, Liu PY, O’sullivan J. Factorial design 
considerations. J. Clin. Oncol. 20(16), 
3424–3430 (2002).

46 Amery W, Dony J. A clinical trial design 
avoiding undue placebo treatment. J. Clin. 
Pharmacol. 15(10), 674–679 (1975).

47 Ratain MJ, Eisen T, Stadler WM et al. Phase II 
placebo-controlled randomized discontinuation 
trial of sorafenib in patients with metastatic 
renal cell carcinoma. J. Clin. Oncol. 24(16), 
2505–2512 (2006).

48 Thall PF. A review of Phase 2–3 clinical trial 
designs. Lifetime Data Anal. 14(1), 37–53 
(2008).

49 Jenkins M, Stone A, Jennison C. An adaptive 
seamless Phase II/III design for oncology trials 
with subpopulation selection using correlated 
survival endpoints. Pharm. Stat. DOI: 10.1002/
pst.472 (2010) (Epub ahead of print).

50 Trial watch: adaptive BATTLE trial uses 
biomarkers to guide lung cancer treatment. 
Nat. Rev. Drug Discov. 9(6), 423 (2010).

51 Barker AD, Sigman CC, Kelloff GJ, 
Hylton NM, Berry DA, Esserman LJ. I-SPY 
2: an adaptive breast cancer trial design in 
the setting of neoadjuvant chemotherapy. 
Clin. Pharmacol. Ther. 86(1), 97–100 
(2009).

52 Wen PY, Yung WK, Lamborn KR et al. 
Phase I/II study of imatinib mesylate for 
recurrent malignant gliomas: North 
American Brain Tumor Consortium Study 
99–08. Clin. Cancer Res. 12(16), 4899–4907 
(2006).

53 van den Bent MJ, Brandes AA, Rampling R 
et al. Randomized Phase II trial of erlotinib 
versus temozolomide or carmustine in 
recurrent glioblastoma: EORTC brain tumor 
group study 26034. J. Clin. Oncol. 27(8), 
1268–1274 (2009).

54 Franceschi E, Cavallo G, Lonardi S et al. 
Gefitinib in patients with progressive 
high-grade gliomas: a multicentre Phase II 
study by Gruppo Italiano Cooperativo di 
Neuro-Oncologia (GICNO). Br. J. Cancer 
96(7), 1047–1051 (2007).

55 Rich JN, Reardon DA, Peery T et al. Phase II 
trial of gefitinib in recurrent glioblastoma. 
J. Clin. Oncol. 22(1), 133–142 (2004).

56 Cloughesy TF, Wen PY, Robins HI et al. 
Phase II trial of tipifarnib in patients with 
recurrent malignant glioma either receiving 
or not receiving enzyme-inducing 
antiepileptic drugs: a North American Brain 
Tumor Consortium Study. J. Clin. Oncol. 
24(22), 3651–3656 (2006).

57 Kreisl TN, Kotliarova S, Butman JA et al. 
A Phase I/II trial of enzastaurin in patients 
with recurrent high-grade gliomas. Neuro 
Oncol. 12(2), 181–189 (2010).

58 Wick W, Puduvalli VK, Chamberlain MC 
et al. Phase III study of enzastaurin 
compared with lomustine in the treatment of 
recurrent intracranial glioblastoma. J. Clin. 
Oncol. 28(7), 1168–1174 (2010). 

59 Chang SM, Wen P, Cloughesy T et al. 
Phase II study of CCI-779 in patients with 
recurrent glioblastoma multiforme. Invest. 
New Drugs 23(4), 357–361 (2005).

60 Reardon DA, Fink KL, Mikkelsen T et al. 
Randomized Phase II study of cilengitide, an 
integrin-targeting arginine-glycine-aspartic 
acid peptide, in recurrent glioblastoma 
multiforme. J. Clin. Oncol. 26(34), 
5610–5617 (2008).

61 Galanis E, Jaeckle KA, Maurer MJ et al. 
Phase II trial of vorinostat in recurrent 
glioblastoma multiforme: a north central 
cancer treatment group study. J. Clin. Oncol. 
27(12), 2052–2058 (2009).

 ■ Websites
101 CBTRUS Statistical Report: Primary Brain 

and Central Nervous System Tumors 
Diagnosed in the United States in 
2004–2007. 

www.cbtrus.org/2007-2008/2007-20081.html

102 ClinicalTrials.gov: NCT00884741
www.clinicaltrials.gov/ct2/
results?term=NCT00884741

103 ClinicalTrials.gov: NCT00626990
www.clinicaltrials.gov/ct2/
results?term=NCT00626990

104 ClinicalTrials.gov: NCT00887146
www.clinicaltrials.gov/ct2/
results?term=NCT00887146

105 ClinicalTrials.gov 
www.clinicaltrials.gov


