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bstract
Glioblastoma multiforme (GBM) is the most frequent and aggressive malignant glioma (MG), with a median survival time of 12–15
onths, despite current best treatment based on surgery, radiotherapy and systemic chemotherapy. Many potentially active therapeutic agents

re not effective by systemic administration, because they are unable to cross the blood–brain barrier (BBB). As intracerebral administration
ypasses the BBB, it increases the number of drugs that can be successfully delivered to the brain, with the possibility of minor systemic
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oxicity and better effectiveness. This review summarizes the results of the extensive clinical research conducted on intracerebral therapy.
iodegradable drug carriers, implantable subcutaneous reservoirs and convection-enhanced delivery (CED) represent the main techniques

or intracerebral delivery, while conventional chemotherapy agents, radiolabeled antibodies and receptor-targeted toxins are the main classes
f drugs for intracerebral therapy. At the present time, biodegradable carmustine wafers, commercialized as Gliadel®, are the only FDA-
pproved treatment for intracerebral chemotherapy of MG, but intracavitary delivery of mitoxantrone and radiolabeled antitenascin antibodies
ia implantable reservoirs has yielded promising results in uncontrolled trials. The pressure-driven flow generated by CED can potentially
istribute convected drugs over large volumes of the brain, independently on their intrinsic diffusivity. Nevertheless, prominent technical
roblems, like backflow, are yet to be properly addressed and contributed to the disappointing results of two phase III trials that investigated
ED of cintredekin besudotox and TransMidTM in patients with recurrent GBM.
2010 Elsevier Ireland Ltd. All rights reserved.

ystem; iPlan Flow

Fig. 1. Intracerebral implantation of Gliadel. Up to 8 wafers can be placed
in the resection cavity after tumor excision.
Reprinted by permission from Macmillan Publishers Ltd: Lesniak MS, Brem
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. Introduction

Among malignant gliomas (MGs), which also include
naplastic astrocytoma (AA), oligodendoglioma (AO) and
ligoastrocytoma (AOA) [1], glioblastoma multiforme
GBM) is the most frequently occurring and deadliest with a
edian survival from diagnosis of 12 to 15 months [2]. Due

o its infiltrative nature, current best treatment, consisting of
ombination of surgery and radiotherapy with concomitant
nd adjuvant systemic temozolomide(TMZ) [2], almost
niversally fails to eradicate the tumor, which recurs within
cm of the original lesion in about 90% of cases [3]. These

reatment modalities can be used for relapsing disease
ut factors like local and systemic cumulative toxicity,
ecessity of sparing brain parenchyma and intervening
linical deterioration limit their effectiveness in prolonging
urvival, which remains in the dismal range of 6–8 months
fter recurrence [4].

The constant pattern of loco-regional but not extra-
erebral relapse of MGs, along with an expected
mprovement in the pharmacokinetic and toxicity profile
f the administered agents, which translates into a reduced
mount of drug dispersed throughout body, is among the rea-
ons that make intracranial delivery conceptually sound. One
ajor attractiveness of such an approach lies in its potential

o bypass the blood–brain barrier (BBB), thus enormously
xpanding the armamentarium of drugs that can be effec-
ively delivered to the brain. In fact, although the BBB may
e disrupted in the necrotic core, its preservation in tumor
eriphery, as well as in small tumor foci throughout the brain
arenchyma, prevents therapeutics with a high molecular
eight or an ionic charge from being successfully delivered

n such areas by systemic administration [5]. While intra-
entricular injection might be considered in the rare cases
f neoplastic meningitis caused by MGs [6], its use to treat
arenchymal lesions suffers from prohibitive diffusion lim-
tations, depending on the blood–CSF barrier [7]. On the
ther hand, the novel convection-enhanced delivery (CED)
8] technique, biodegradable drug delivery carriers [10], sub-
utaneous reservoirs [11] and even simple manual injection

5] can successfully circumvent the BBB and allow intersti-
ial administration both in tumor and brain tissues. CED is
articularly intriguing because it provides a pressure-driven

2

w

. Targeted therapy for brain tumours. Nat Rev Drug Discov. 2004;3(June
6)):499–508. Copyright (2004).

ow that overcomes the boundaries imposed by the diffusion
rocess on molecular size, shape and charge. While CED has
nly been employed in phase III trials in the past few years
9], controlled-release 3.9% carmustine wafers have already
een commercially available as Gliadel® since the late 1990s
nd represent the gold standard in the field of intracerebral
herapy (Fig. 1) [10].

The aim of this review is to summarize the results of the
xtensive clinical research on intracerebral therapy, which
s interestingly heterogeneous as far as tested agents and
mployed techniques are concerned. Clinical trials on con-
entional chemotherapy agents, radioactive agents and recep-
or targeted toxins will be presented along with a detailed
escription of the techniques used for intracerebral delivery.

. Intracerebral delivery techniques

.1. Manual injection and implantable reservoirs
Simple manual injection into brain or tumor tissues was
idely used in the past [5], but it has been little employed
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Table 1
Delivery by subcutaneous reservoirs or manual injection in patients with malignant brain tumors.

Investigated agent
for local delivery

Author
Publication
year

Trial
Main inclusion criterion

GBM/recruited
patients

Study treatment
Local delivery site
Local delivery
technique

Schedule Principle toxicity
related to local
treatment

Response PFS Survival after
treatment

Mitoxantrone Boiardi
[43]
2004

Retrospective trial
Resectable
Recurrent GBM

276/276 A: 161p, sTMZ
B: 50p,
surgery + sTMZ
C:
surgery + sTMZ + local
treatment
SCRC
Ommaya reservoir

sTMZ: 200 mg/m2

d1–5, q28
lMTX: 4 mg d1
and 5, q28

Reservoir-related
infection

A, PFS6: 39.3%
B, PFS6: 64%
C, PFS6: 70.7%

A: 5 mo (4–6)
B: 8 mo (6–10)
C: 11 mo (9–13)

Mitoxantrone
RIT
Caelyx®

Boiardi
[45]
2003

Pilot trial
Resectable
Recurrent GBM

58/58 Surgery + sTMZ in
all patients + A: 20p,
MTX
B: 26p,
lMTX + lRIT
C: 12p, lCaelyx
SCRC
Ommaya reservoir

TMZ: 200 mg/m2

d1–5, q30 A
MTX: 4 mg d1
and 5, q30 B
MTX: 4 mg d1,
q20
90Y-BC-4:
5–25 mCi every
10 w C
Caelyx:d1, 5, 10,
15, 20 q 40

Reservoir-related
infection

A, PFS6: 55%
B, PFS6: 61%
C, PFS6: 50%

A: 11 mo
B: 13 mo
C: 13 mo

Doxorubicin Voulgaris
[44]
2007

Pilot trial
Resectable
Recurrent MG

9/10 Tumor
Ommaya reservoir

0.5 mg d1–10 Bifrontal
headache

5/10 radiologic
response

9.3 mo, 39.9 w
(8–73)

Bleomycin Patchell
[12]
2002

Phase I
Resectable
Recurrent MG

9/9 Surgery + local
treatment
Tumor or SCRC
Modified Ommaya
reservoir

5–34 U every
week

Headache, skin
ulcers

MTD: 16
U/w
PFS: 17 w (3–48)

6 mo (2–22)

131I-m81C6 Reardon
[47]
2002

Phase II
Resectable
Newly diagnosed MG

27/33 Surgery + local
treatment
SCRC
Rickham reservoir

120 mCi at
surgery

Irreversible
neurologic
toxicity

Not reported GBM: 18.5 mo,
79.4 w (95% CI:
61.4–∞)

131I-m81C6 Reardon
[48]
2006

Phase II
Resectable
Recurrent MG

33/43 Surgery + local
treatment
SCRC
Rickham reservoir

100 mCi at
surgery

Reversible
neurologic
toxicity

Not reported GBM: 14.9 mo,
63.9 w (95% CI:
38.8–90.0)

131I-m81C6 Reardon
[49]
2008

Phase II
Resectable
Newly diagnosed MG

15/21 Surgery + local
treatment
SCRC
Rickham reservoir

25–150 mCi to
deliver 44 Gy
boost

Reversible
neurologic
toxicity

Not reported GBM: 21.1 mo,
90.6 w (95% CI:
73.3–97.1)
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131I-ch81C6 Reardon
[50]
2006

Phase I
Resectable
MG

38/47 Surgery + local
treatment
SCRC
Rickham reservoir

80–120 mCi at
surgery

Hematologic
toxicity

Not reported Newly diagnosed
GBM: 20 mo,
86.1 w (95% CI:
70.1–99.1)
recurrent GBM:
11.4 mo, 48.9 w
(95% CI:
30.4–83.3)

211At-ch81C6 Zalutsky
[51]
2008

Phase I
Resectable
Recurrent MG

4/18 Surgery + local
treatment
SCRC
Rickham reservoir

1.9–9.3 mCi at
surgery

Reversible
neurologic
toxicity

MTD: not
identified

GBM: 12.1 mo,
52 w (95% CI:
33–76 w)

131I-M2–4 Riva
[52]
2000

Phase II
Resectable
MG

74/91 Surgery + local
treatment
SCRC
Rickham/Ommaya
reservoir

45 mCi repeated
every 30–90 days

None reported Response rate
GBM: 57.6%

GBM: 19 mo

90Y-M2–4 35/43 20 mCi repeated
every 30–90 days

Response rate
GBM: 66.6%

GBM: 20 mo

MTX + 90Y-M2–4 Boiardi
[53]
2000

Phase II
Operable
Recurrent MG

26/26 Surgery + sPCV in
all patients + A: 20p,
lMTX + lRIT
B: 6p, lRIT SCRC
Ommaya reservoir

sPCV: every 6 w
lMTX: 4 mg d1,
q20
l90Y-BC-4:
5–25 mCi every
10 w

Reservoir-related
infection

A, PFS: 8 mo
B, PFS: 8 mo

A: 13 mo
B: 12 mo

90Y-DOTAGA-SP
177Lut-DOTAGA-
SP
213Bi-DOTAGA-
SP

Kneifel
[55]

Pilot trial
WHO 2–4
Gliomas

14/20 Surgery + local
treatment
SCRC or Tumor
Subcutaneous
reservoir

10.1–202 mCi
90Y-DOTAGA-
SP: 15p
177Lut-DOTAGA-
SP: 3p
213Bi-DOTAGA-
SP:
2p

Perifocal edema Neurologic
improvement
5/14 GBM

11 mo (range,
6–24 mo)

188Re-
nimotuzumab

Torres
[56]
2008

Phase I
Recurrent
MG

8/9 Surgery + local
treatment
SCRC
Ommaya/Richkam
reservoir

10–15 mCi Neurologic
toxicity

Not reported Not reported

mo = months, w = weeks, d = days, l = local, s = systemic, MG = malignant gliomas, GBM = glioblastoma multiforme, MTD = maximum tolerated dose, CI = confidence interval, PFS = progression free survival,
RT = radiotherapy, TMZ = temozolomide, MTX = mitoxantrone and SCRC = surgically created resection cavity.
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ince less invasive and more effective techniques have
ecome available in the last two decades.

The Ommaya reservoir has been extensively used for
ntracavitary delivery. It is composed of a mushroom-shaped
eservoir, which is implanted subcutaneously, connected to
n outlet catheter, which is positioned within the tumor bed
hrough a burr hole in the skull [11]. Therapeutic agents are
rst injected transcutaneously in the reservoir, and then deliv-
red through the catheter by manual compression [5]. The
ickham is similar to the Ommaya reservoir. Its smaller size
iminishes the risk of infection, but also makes it more dif-
cult to locate the reservoir under the skin [11]. In order to
btain a continuous rather than bolus delivery, the Ommaya
eservoir has been modified by adding a polyvinyl alco-
ol semipermeable membrane between the reservoir and the
elivery tube [12]. Table 1 shows reviewed trials employing
mplantable reservoirs for intracerebral delivery.

Motor pumps, like Medtronic Synchromed Drug Admin-
stration System (DAS), are also subcutaneously implanted
nd percutaneously refillable, but unlike the Ommaya
eservoir, they can provide a prolonged and controlled intrac-
rebral delivery [5]. They have found little application in the
eld of intracerebral delivery for MGs, because of their low
ow rate and limited capacity.

.2. Biodegradable drug carriers

Biodegradable drug delivery carriers can be easily
mplanted, with no additional burden for patients undergoing
urgical tumor excision, and they do not need reinterven-
ion to be removed, as they are metabolically degraded
nd eliminated. A wide variety of chemical compounds
ave showed potential use as biodegradable drug deliv-
ry carriers. Among these, polyanhydride polymers display
avorable features in terms of biocompatibility and degrada-
ion process. In fact, the non-enzymatically mediated erosion
hat occurs on the surface, but not inside of the polymer

olecule, provides a controlled drug release rate and a
redictable, host-independent pharmacokinetic profile [13].
linically, the most widely used polyanhydride for intracere-
ral drug delivery is a biocompatible [14] copolymer of the
wo monomers bis(p-carboxyphenoxy)propane (PCPP) and
ebacic acid (SA). PCPP and SA are employed in a 20:80
olar ratio in Gliadel®. Interestingly, such a ratio can be
odified to shape the kinetics of carmustine delivery [15].
lthough the number of chemotherapeutics employed in pre-

linical studies for polymer-mediated intracerebral delivery
s large [16], the association of PCPP-SA and carmustine
s one of the few to have been used in humans. Preclinical
nimal studies [17,18] assessed Gliadel to have an excellent
afety profile, also in combination with radiotherapy [18],
nd indicated that carmustine release was almost complete

n the rabbit brain within a week [17]. A matter of concern
bout Gliadel is carmustine penetration depth. In fact, in spite
f carmustine’s high lipophilicity, factors like drug elimi-
ation rate, brain peculiar extra cellular matrix and tumor

a
r
t
L

ology/Hematology 80 (2011) 54–68

ocal environment [19] might hamper its diffusion through the
rain parenchyma. Taking into account preclinical data from
adiolabeled carmustine studies in rats, rabbits and monkeys,
s well as the results of a three-dimensional computerized
odel, it was concluded that the drug could not diffuse more

han 1–2 cm away from the implantation site [10].
Biodegradable copolymer polylactic–coglycolic acid

PLGA) microparticles [20] can be manually injected into
he brain parenchyma. Although PLGA microspheres carry-
ng 5-fluorouracil (5-FU) showed a penetration depth of only
mm in the rat brain [21], multi-point injection might sat-

sfactorily cover the whole target volume. Until the present
ime, PLGA particles have been used in clinical trials [20] to
eliver radiosensitizing 5-FU, although the spectrum of anti-
ancer drugs incorporable in PLGA microspheres is wide
19].

Biocompatible hemostatic agents, such as 6-carboxyl-
ellulose [22] or Surgifoam [23], are also a feasible option
nd have been employed in sporadic clinical studies.

.3. Convection-enhanced delivery

A motor-driven pumping device connected to a catheter
tereotactically implanted in the brain generates a so-called
bulk flow’, which can deliver the infusate in larger cerebral
olumes in comparison to diffusive flow [24]. The pressure-
riven spreading of infused solutes through the interstitium
oes not depend on their intrinsic diffusivity and contin-
es throughout the time CED is performed (a few days in
umans), to end abruptly when the procedure terminates [25].

A certain degree of back flow along the catheter is
nevitable, due to the very physics of the CED process [26].
ackflow is a major concern because it can cause the infusate

o miss the target volume and drain into ventricular or sub-
rachnoid spaces [27,28], with risk of chemical meningitis.
n non-human primates and canines, MRI showed that 18.5%
f CED infusions of liposomes bearing an MRI contrast agent
eaked into the CSF [27]. Similarly in humans [28], SPECT
Single Photon Emission Computed Tomography) showed
hat only 11 out of 21 infusions of cintredekin besudotox (CB)
lus 123I-labeled human serum albumin (123I-HSA) provided
n adequate volume of distribution (Vd), because of leak-
ge phenomena. The chances of backflow are increased by
igher infusion rates and volumes [25]. As backflow is also
ore likely with large-sized catheters [25], Fiandaca et al.

29] constructed a step-design catheter, composed of a 27-
auge (0.2 mm) needle which featured at its tip a glued-in
ilica tubing presenting a smaller diameter of about 0.1 mm.
uch a catheter could provide a flow rate up to 5 �l/min in a
reclinical study, but the rate of ineffective delivery was still
igh, as already indicated [27].

The geography of the brain area where delivery occurs

lso affects the Vd, because white matter fibers offer a low-
esistance pathway to convection, as compared to grey matter
issue [24]. A computerized model (iPlan Flow) by Brain-
ab AG (FeldKirchen, Germany) takes into account both
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Fig. 2. Computerized simulation on MRI images of predicted CED distribution volume (blue areas) on the basis of different catheter trajectories (yellow lines).
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ridimensional representation of the predicted volume of distribution is also
eproduced from Ref. [30], by permission of Oxford University Press. (For

o the web version of the article.)

atients’ brain geography and estimated backflow to simulate
he Vd of CED infusions and aid to select the most appropriate
atheter trajectory (Fig. 2). This FDA-approved software has
een retrospectively tested in 8 patients who had perioper-
tively received CED of cintredekin besudotox + 123I-HSA.
low rate and MRI and DT (diffusion tensor) MRI data set
ere given as input. The software was firstly run to detect
eep sulci, resection cavities and ependymal surfaces and
hen it estimated the Vd on the condition that the calculated
ackflow did not cause the infusate to leak into a ‘sulcus’.
lobally, the software was judged as ‘clinically useful’ in
4.6% of cases. In fact, sulcus detection algorithm identi-
ed problematically placed catheters with a sensitivity of
/7 and a specificity of 7/7 (Fisher’s exact test, p = 0.021),
hile 6 out of 8 simulated Vd matched SPECT Vd by at

east 50% [30]. Recently, a retrospective analysis employing
Plan Flow has been performed on a sample of 59 recurrent
BM patients enrolled in the phase 3 PRECISE trial (Phase
Randomized Evaluation of Convection-Enhanced Delivery
f IL13-PE38QQR Compared to Gliadel Wafer with Survival

ndpoint in Glioplastoma Multiforme at First Recurrence)

9], who had received intraparenchymal CED of cintredekin
esudotox in the walls of the SCRC. Three catheter posi-

p
i
r

ed.
etation of the references to color in this figure legend, the reader is referred

ioning criteria were employed in the PRECISE trial to score
atheter position from 0 to 2, according to the number of
ulfilled criteria. Simulation with iPlan Flow of the cover-
ge volume of the 1-cm and 2-cm penumbra and of the T2
dema area around the SCRC showed two important results.
irstly, a significant correlation was found between catheter
ositioning score and simulated coverage volume. Secondly,
verage simulated coverage volume was very low (17.5% of
he 1-cm penumbra, for example), which may explain the
isappointing results of the PRECISE trial. On the basis of
his analysis, it can be concluded that fulfillment of catheter
ositioning criteria does have an impact on Vd, but is not
ufficient to produce an adequate coverage area, which could
ave been in excess of 60% of the target volume, if iPlan
low had been employed in the PRECISE trial [9].

Real time imaging of the convection process could allow
dentification and interruption of an ineffective delivery.
lthough SPECT with 123I-HSA can effectively estimate the
d, 123I-HSA presents some important drawbacks as a surro-
ate tracer. Firstly, its limited half-life requires SPECT to be

erformed within 2 days after initiation of CED. Secondarily,
t could overestimate the Vd of a drug targeted to specific
eceptors on brain cells, because it does not bind to the
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eceptors that the convected drug binds to [28]. Gadolinium-
iethylenetriaminepentaacetic acid (Gd-DTPA) is low-cost
nd ready available and might be advantageously employed
o monitor CED especially when co-localized with the drug
n a liposome [31,32,33]. In eight patients with MG receiv-
ng CED of HSV thymidine kinase (HSV-tk) gene–bearing
iposomes, Gd-DTPA seemed to be a valid surrogate tracer,
ecause it colocalized with treatment-related changes on

11C]-L-methionine (MET) PET [33]. However, since the low
olecular weight and high diffusivity of Gd-DTPA might

ause it to overestimate the Vd of high molecular weight
rugs [31], pre-clinical studies have used Gd-DTPA conju-
ated to albumin or loaded in liposomes for more accurate
onitoring of intracerebral delivery [25]. Gd-DTPA itself

ould still successfully monitor high molecular weight drugs
elivery, on the condition that its infusion rate is corrected
o account for its different tissue loss and diffusivity, with
espect to the co-infused drug [32].

Even without the use of a surrogate tracer, T2-weighted
nd diffusion weighted (DW) MRI can be of use to moni-
or CED. In 7 recurrent MG patients receiving cintredekin
esudotox + 123I-HSA, increase in signal around the catheter
n T2-weighted MRI could detect if infusion was totally
neffective, but it was of little use to estimate the Vd if
elivery occurred in contrast-enhanced areas [34]. In 15
ecurrent GBM patients receiving paclitaxel, hyperintense
ignal that appeared on DW-MRI as early as 24 h after treat-
ent initiation precipitated lytic responses later observed on
1-weighted images [35]. The small number of recruited
atients is the major limitation of these two studies. Nev-
rtheless, they provide sufficient evidence that widespread
RI imaging can monitor CED, although it cannot reliably

stimate the Vd, especially without using a surrogate tracer.
Reviewed clinical trials using CED are showed in

able 2.

. Conventional chemotherapy agents

.1. Gliadel®

Two well designed, randomized controlled trials have
ompared Gliadel to placebo in recurrent [36] and newly
iagnosed [37] MG. After tumor excision, 222 patients with
ecurrent MG were randomized to receive either Gliadel (110
atients, 72 GBM) or a placebo (112 patients, 73 GBM) in the
urgically created resection cavity (SCRC). While 64% vs.
4% (p = 0.02) of GBM patients in the Gliadel and in the
lacebo group, respectively, were alive at 6 months, the dif-
erence in survival since recurrence between the two arms
s a whole was not statistically significant (31 weeks vs.
3 weeks, estimated hazard ratio = 0.83, p = 0.19). If treat-

ent and prognostic factors were taken into account in a
ultiple regression analysis, the estimated risk of death was

tatistically significantly lower in the Gliadel group of both
he whole sample of patients (hazard ratio 0.67, p = 0.006)

1
w
t
a

ology/Hematology 80 (2011) 54–68

nd the sample of GBM patients only (hazard ratio 0.67,
= 0.02). In another phase III trial, 240 patients with newly
iagnosed MG were randomized to be implanted either Gli-
del or a placebo in the SCRC, prior to external radiotherapy
XRT) [37]. The survival advantage for the Gliadel group
120 patients, 101 GBM) as compared to the placebo group
120 patients, 106 GBM) was statistically significant (13.9
onths vs. 11.6 months, p = 0.03) and was maintained for

he GBM subgroup, if prognostic factors were properly con-
idered. Gliadel was reported to be safe in both trials, with
emiplegia, brain edema, confusion and seizures being the
ost frequent neurologic adverse events recorded in both

roups, although serious intracranial infection (4 /110 vs.
/112) [36], intracranial hypertension (9 /120 vs. 2 /120) [37]
nd CSF leak (6 /120 vs. 1/120) [37] were more frequent in
he Gliadel group than in the placebo group, respectively. On
he basis of the results of both these studies, Gliadel received
DA approval for newly diagnosed MG or recurrent GBM
nd currently represents the only FDA-approved agent for
ntracerebral chemotherapy.

Systemic therapy with O6-benzylguanine (O6-BG) and
armustine can revert the resistance conferred by O6-
lkylguanine-DNA alkyltransferase to carmustine, at the cost
f increased bone-marrow toxicity. A single-arm, phase II
rial accruing 51 patients with recurrent GBM administered
ntravenous O6-BG (continuous infusion of 30 mg/m2/day on
ays 1 through 5, bolus injection of 120 mg/m2 on days 1, 3,
nd 5) after implantation of up to 8 Gliadel wafers. Although
remarkable median survival after treatment of 50.3 weeks
as reported, the incidence of grade 3 CSF leak, brain/CSF

nfection and hydrocephalus was higher than expected on the
asis of the phase III trials [36,37], being 19.2, 13.4 and 9.6%,
espectively [38]. This trial, as well as the two large trials
eported [36,37], did not investigate the impact of concomi-
ant or sequential systemic chemotherapy. Local carmustine
nd systemic temozolomide might present synergistic activ-
ty, because of their different time to peak effect and because
f the possibility for temozolomide to revert resistance to car-
ustine [39]. The feasibility of a combination of Gliadel®,
RT and systemic temozolomide has been demonstrated by a
rospective phase II trial [40] in 41 newly diagnosed patients
40 GBM and one AA) and by a retrospective study [41] in
3 patients with primary GBM, which reported a median sur-
ival since diagnosis of 19.7 and 20.7 months, respectively.
he safety profile reported by both studies was comparable to

he one of XRT + Gliadel or XRT + temozolomide treatments.

.2. Polymer-based delivery of agents other than
armustine

Ninety-five patients with radiological diagnosis of MG
ere randomized to receive intracerebral administration of

30 mg of radiosensitizing 5-FU and XRT, or XRT only. 5-FU
as incorporated in 40 �m PLGA microparticles and stereo-

actically injected in the walls of the resection cavity up to
depth of 2 cm. Several recruited patients were excluded
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Table 2
Clinical trials investigating CED in patients with malignant brain tumors.

Investigated agent AuthorPublicationYear Trial
Main inclusion
criterion

GBM patients/ all
recruited patients

Total administered
dose
Total flow rate
Delivery site

MTD Principle severe
treatment related
toxicity

Response PFS Overall survival

Paclitaxel Lidar [35] 2004 Phase I/II
Recurrent MG

13/15 0.6–1.2 mg/ml
× 12–33 ml
5 �l/min × 2–5 d
Tumor

0.5 mg/ml × 33 ml Chemical
meningitis

11/15 partial or
complete
responses

7.5 mo (0–14), 2
living patients
excluded

Pöpperl [46] 2005 Phase I/II
Recurrent GBM

8/8 0.25–0.5 mg/ml
× 36 ml
5 �l/min × 6 d
Tumor

0.25 mg/ml × 36 ml Skin necrosis PFS: 8 mo 10 mo

Tanner 26] 2007 Phase I/II
Recurrent GBM

8/8 0.25–0.5 mg/ml
× 36 ml
5–6.6 �l/min × 6
d
Tumor

0.25 mg/ml × 36 ml Skin necrosis 6/8 with MRI
radiographic
changes

13.5 mo (mean), 2
patients excluded

Cotara Patel [54] 2005 Phase I
Recurrent or
unresectable
newly diagnosed
MG

45/51 20 or 40 mCi or
1–3 mCi/cm3

CTV 4.5–18 ml
3 �l/min × 1–2 d
Tumor

1.5 mCi/cm3 CTV Neurologic
symptoms

Not reported Not reported

Phase II
Recurrent or
unresectable
newly diagnosed
MG

1–3 mCi/cm3

CTV 4.5–18 ml
3 �l/min × 1–2 d
Tumor

1/11 partial
response
6/11 stable disease
on MRI

8.8 mo, 37.9 w
(95% CI:
24.1–69.4) in 12
recurrent GBM

Cintredekin besudotox Kunwar [58] 2007 Phase I
Recurrent
operable MG

46/51 0.25–1.0 �g/ml
× 72–108 ml
12.5 �l/min × 4–6
days
Parenchyma
surrounding the
resection cavity

0.5 �g/ml × 108 ml Hemiparesis Not reported 10.7 mo, 45.9 w
(95% CI:
37.4–59.3)
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Table 2 (Continued)

Investigated agent Author Publication Year Trial
Main inclusion
criterion

GBM patients/ all
recruited patients

Total administered
dose
Total flow rate
Delivery site

MTD Principle severe
treatment related
toxicity

Response PFS Overall survival

Sampson [9] Phase III
Recurrent
operable MG

294/294 196
patients: CED 98
patients: Gliadel

0.5 �g/ml
12.5 �l/min

Not reported 4.1 mo, 17.6 w
(95% CI:
15.1–18.3) in the
CB group

8.6 mo, 36.9 w
(95% CI:
34.1–45.6) in the
CB group

NBI-3001 Weber [60] 2003 Phase I
Recurrent MGs

25/31 6–9 �g/ml × 15–
100 ml
6.9–17.3 �l/min
× 4 d
Tumor

6 �g/ml × 40 ml Neurological
symptoms

22/31 partial or
extensive tumor
necrosis on MRI

5.8 mo in GBM,
8.2 in all patients

Tf-CRM107 Laske [62] 1997 Phase I
Recurrent
malignant brain
tumors

10/18 0.1–3.2 �g/ml
× 5–180 ml
4–10 �l/min
× 2–16 d
Tumor

0.67 �g/ml × 40 ml Peritumoral injury 9/15 partial and
complete
responses

9.5 mo 41 w (95%
CI: 21.3–70.0)

Weaver[61]2003Tf-CRM107 Phase II
Recurrent MGs

44 (unreported
number of GBM)

0.67 �g/ml
× 40 ml
3.3–6.6 �l/min
× 4–5 d
Tumor

Cerebral edema 11/44 partial and
complete
responses

8.6 mo, 37 w
(95% CI: 26–49)

TP-38 Sampson [59] 2007 Phase I
Recurrent
malignant brain
tumors

17/20 25–100 ng/ml ×
40 ml
13.3 �l/min
× 2 d
Tumor

100 ng/ml × 40 ml Fatigue,
hemiparesis

2/15 partial and
complete
responses
PFS: 3.4 mo, 14.9
w (95% CI:
4.1–45.1)

6.5 mo, 28 w
(95% CI:
26.5–102.8).

mo = months, w = weeks, d = days, MG = malignant gliomas, GBM = glioblastoma multiforme, MTD = maximum tolerated dose, CI = confidence interval, PFS = progression free survival and CTV = clinical target
volume.
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ecause histology did not confirm radiological diagnosis of
G, so that 38 patients (arm A) received 5-FU + XRT, while

9 patients (arm B) received XRT only. While the incidence
f grades 3–4 neurologic disorders and deficits was 3–16% in
rm A, no grades 3–4 neurological toxicity occurred in arm B.
esides absence of significance in the trend of survival since
iagnosis favoring arm A vs. arm B (15.2 months vs. 13.5
onths), a number of biases, such as the open-label nature

f the trial and the different prevalence of GBM between the
wo arms (71% in arm A vs. 87% in arm B), make such an
dvantage in survival of little valuable information [20].

In other clinical trials, implantation of 6-carboxylcellulose
olymers delivering 45 mg of radiosensitizing cisplatin in 21
rimary GBM patients was well tolerated and associated with
better survival with respect to a control group of 11 pri-
ary GBM patients (427.5 days vs. 211.0 days, p < 0.01) [22],
hile 22 recurrent GBM patients safely received a mixture
f Surgifoam gel and mitoxantrone applied into the surgi-
al cavity [23]. Unlike Gliadel®, these two studies were not
upported by the necessary preclinical background to be sat-
sfactorily informative about drug penetration in the cerebral
issue.

.3. Mitoxantrone and other chemotherapics

Mitoxantrone has proven to reach adequate concentrations
n human intracerebral tumors after intravenous adminis-
ration [42] and is reported to be active against malignant
lial cells [43]. In a retrospective study [43], 276 patients
ith primary GBM (homogenous as to previous radiother-

py and chemotherapy treatment, Karnofsky Performance
tatus (KPS) >70) were treated at recurrence either with
ystemic temozolomide only (group A, 161 patients), or
ith systemic temozolomide + surgical operation (group B,
0 patients) or with surgical operation + systemic temozolo-
ide + local delivery of mitoxantrone (group C, 65 patients).

00 mg/m2 of temozolomide and 4 mg of mitoxantrone were
espectively delivered on day 1 through day 5 and on days

and 5 of a 28-day cycle. Mitoxantrone was injected via
Rickham/Ommaya reservoir in the SCRC. No additional

ystemic side effect was caused by mitoxantrone. The only
erious adverse effect attributable to local treatment was skin
nfection or decubitus which occurred in 8 of 65 patients
12.3%). Median survival after recurrence was 5 months in
roup A, 8 months in group B and 11 months in group C
A vs. B vs. C, p < 0.001). Even though groups were rather
omogenous with respect to major prognostic factors like
istology, age, KPS and previous treatment, the lack of ran-
omization and the retrospective nature represent the major
rawbacks of this study. In fact, patients of group A were
ot operated upon because they were judged to be inoperable
e.g. because of multifocal disease), while patients of group
were given local treatment on the basis of their compli-
nce. Such a selection process is highly biasing. This study
rovides strong evidence about the safety of combined local
itoxantrone and systemic temozolomide. It does justify a

t
i
a
o

ology/Hematology 80 (2011) 54–68 63

hase III trial, but it cannot draw any definite conclusion
bout the effectiveness of this approach [43]. In three small
rials, doxorubicin [44], liposomial doxorubicin (Caelyx®)
45] and bleomicyn [12] were respectively administered via
mmaya/modified Ommaya reservoirs in the SCRC of 10,
2 and 9 patients with recurrent MGs, mainly GBM. The
eported survival after recurrence was 13, 9.3 and 6 months,
espectively. Headache [44], reservoir-related infections [45],
nd neurologic symptoms [12] were the most frequently side
ffects reported.

In these four studies, surgical debulking was required for
ocal therapy. CED can be employed also when no tumor
esection is possible. In two similar trials, paclitaxel was
elivered intratumorally via CED in 15 patients [35] and 8
atients [26] with recurrent MGs. Convection was monitored
y DW-MRI. Besides aseptic meningitis occurring in 40%
f patients due to paclitaxel leak, the two important findings
f the first study were a response rate of 73% and the effec-
iveness of DW-MRI monitoring, which identified inadequate
elivery in two patients [35]. The second study did not report
uch a high rate of aseptic meningitis, possibly because of
ower administered doses of paclitaxel, but skin necrosis due
o paclitaxel outflow occurred in the first two patients. Of
ote, it appeared that sealing the burr hole with bone wax
id eliminate the problem and also improved the Vd in the
emaining 6 patients [26]. Follow-up was conducted with

RI in these two studies, although MRI specificity might
ot be satisfactory after CED, due to CED-related contrast-
nhancing radiographic changes. A small study showed that
-(2-[18F]fluoroethyl)-l-tyrosine (FET) PET can be advan-

ageously used during follow-up after CED of paclitaxel in
upport of MRI findings [46].

. Radioactive agents

.1. Anti-tenascin antibodies

Murine monoclonal antibody 131I-81C6 is directed against
enascin, a glycoproteic antigen ubiquitously present in MGs,
ut not in normal brain tissue [47,48]. It showed promising
ctivity in preclinical studies and a good safety profile in
hase I dose-finding trials [47,48]. In two phase II trials,
31I-m81C6 was administered in the SCRC, via a Rick-
am reservoir, after gross total resection of newly diagnosed
27 GBM out of 33) [47] and recurrent (33 GBM and 1
liosarcoma out of 43) [48] MGs at fixed doses of 120
nd 100 mCi, respectively. On the basis of MRI and SPECT
esults, these two studies calculated the mean radiation dose
bsorbed to the 2 cm-thick SCRC interface to be 48 Gy
range, 24–116 Gy) [47] and 46 Gy (range, 18–186 Gy) [48],
espectively. Severe, transient hematologic and neurologic

oxicity was respectively reported in 27% and 9% [47] and
n 21% and 12% [48] of the population, while median over-
ll survival was 86.7 weeks or 20.2 months and 68.6 weeks
r 16 months, respectively, in newly diagnosed and recur-
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ent MGs. Five patients (15%) [47] and 1 patient (2%) [48]
xhibited irreversible severe treatment-related neurotoxicity,
hich may have been related to the wide range of absorbed
osage after administration of a fixed dose. In order to deliver
boost of exactly 44 Gy, which appears to optimally balance

isk of radionecrosis with that of recurrence, a phase I trial
dministered a patient-specific dose of 131I-m81C6 [49]. Of
1 newly diagnosed MGs (15 GBM and 6 AA), 20 received
boost of 44 ± 4 Gy in the 2 cm thick wall of the SCRC and
one of them showed severe, irreversible neurologic toxicity.
nterestingly, in this trial survival since diagnosis was 90.6
eeks or 20.9 months for GBM patients [49].
Humanized, chimeric monoclonal antibody 131I-81C6

aused a rate of severe treatment-related hematologic tox-
city higher than expected (36% of 41 patients with newly
iagnosed and recurrent MG), potentially due to its higher
tability as compared to murine 81C6 [50]. No such events
ere reported in 19 newly diagnosed MGs treated with the

ame ch81C6 conjugated to 211At, possibly due to shorter par-
icle penetration and half-life of � emitter 211At with respect
o � emitter 131I [51].

131I and 90Y are both � emitters, but 90Y displays some
avorable characteristics with respect to131I, like a greater
adiation penetration depth (12 mm vs. 3 mm) and no emis-
ion of � rays. Local injections of murine anti-tenascin
ntibodies radiolabeled either with 131I or with 90Y were
espectively performed in 91 (74 GBM) and 43 (35 GBM)

G patients (with newly diagnosed or recurrent disease) at
mean dose of 45 and 20 mCi, respectively. In both series of
atients, no relevant treatment-related toxicity was reported.
urvival since diagnosis was similar in GBM patients treated
ither with the 131I or with the 90Y labeled antibody (19
nd 20 months, respectively) [52]. In a smaller study, 26
ecurrent GBM patients received multiple local injections of
0Y anti-tenascin BC4 antibodies in the SCRC at a dose of
–25 mCi, concomitantly with 3 courses of systemic PCV
procarbazine, lomustine, and vincristine) chemotherapy. Of
ote, 20 patients also received concomitant local injections of
mg of mitoxantrone, with an excellent safety profile of this

riple combination and a promising survival from diagnosis
f 20 months [53].

.2. COTARA and others

Cotara is a 131I-labeled chimeric monoclonal antibody
gainst a universal, non-soluble, non-diffusible intracellu-
ar antigen, which is abundantly present in the necrotic core
f malignant solid tumors. Once bound to the histone H1
omplexed to deoxyribonucleic acid antigen, it delivers a
ytotoxic radiation dose to contiguous tumor cells [54]. Fifty-
ne inoperable patients with newly diagnosed and recurrent
Gs received Cotara via CED in a phase I/II trial. In the

3
hase I part of the trial, doses of 1 and 1.5 mCi/cm were
afely administered to MRI target volume in 12 patients.
n the phase II part of the trial, 39 patients received one or
wo infusions at doses of 1 or 1.5 mCi/cm3. Importantly, the

b
r
d
t

ology/Hematology 80 (2011) 54–68

ajority of patients received 90–110% of the planned total
ctivity, which was 34.9 ± 23.3 mCi and 35.4 ± 30.5 mCi for
he first and second infusion, respectively. The main find-
ng of the study was the excellent safety profile of Cotara,
ith only 4–6% and 2–4% of patients showing grades 3–4
eurologic and cognitive symptoms, respectively. Data about
PECT Vd and population survival were promising (12 recur-
ent GBM patients had a survival after recurrence of 37.9
eeks), but it was of limited significance because it was only

n a few, selected patients [54]. DOTAGA-SP, a vector against
eurokinin type-1 receptor (NK1R), was investigated in a
reclinical/clinical study. In the preclinical part, NK1R was
dentified in 32 of 34 glioblastoma specimens. In the clinical
art, 90Y-DOTAGA-SP was safely delivered at a mean dose
f 118 mCi via intracavitary or intratumoral injection. Five of
4 GBM patients reported an improvement of impaired neu-
ologic functions. Of note, DOTACA-SP was also labeled
ith � emitter 177Lu and � emitter 213Bi to be administered

n critically located lesions, because of their minor radia-
ion penetration depth (1.5 and 0.06 mm, respectively), in
omparison to that of 90Y (12 mm) [55].

A clinical study in 9 recurrent MG patients showed that
he monoclonal antibody, recognizing the Epidermal growth
actor receptor (EGFR), nimotuzumab, radiolabeled with
mitter 188Re could be safely locally delivered at a MTD
maximum total dosage) of 10 mCi, with low radioactivity
istribution in the rest of the body [56].

. Receptor targeted toxins

.1. IL-13 and EGF receptors

Cintredekin besudotox (CB) is composed of human IL-
3 and truncated Pseudomonas exotoxin and binds to IL-13
eceptor expressed on GBM cells. After surgical tumor exci-
ion, 51 patients with recurrent MGs (46 GBM) received
ntraparenchymal CED of CB in the walls of the SCRC. Treat-

ent was well tolerated and potentially effective with the
ain grades 3–4 toxicity being hemiparesis (12% of patients)

nd a median survival after recurrence of 45.9 weeks. Par-
ey’s scoring system [57], which can help discern reactive
ED-related changes from recurrence, was employed to

core radiographic changes on MRI. Grade IV changes were
een at doses higher than MTD [58]. TP-38 is composed of
runcated Pseudomonas exotoxin and transforming growth
actor-�, which binds to EGF receptor expressed by GBM
ells. In a phase I study, this toxin was safely administered
ia CED to 20 patients with recurrent malignant brain tumors
17 GBM). Two patients suffered dose-limiting toxicity, but
3 of 15 patients with residual tumor showed no radiographic
esponse, possibly due to low Vd in the brain [59]. In fact,

esides treatment tolerability, the major finding of these two
eports is the high rate of ineffective delivery, which was
ocumented by SPECT in 42% and 81% of catheters, respec-
ively in the first [58] and in the second [59] study.
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The PRECISE trial randomized 294 recurrent GBM
atients in a 2:1 ratio to either CED of CB in the walls of
he SCRC or Gliadel implantation in the SCRC after tumor
ross total resection. Median time to progression was 17.6
eeks (95% CI: 15.1–18.3) in the CB group, while median

urvival was 36.9 weeks (95% CI: 34.1–45.6) and did not dif-
er significantly from median survival in the Gliadel group.
orrect catheter placement and investigator experience did
ot appear to influence overall survival. Ineffective drug dis-
ribution was a likely cause of failure of this trial. As discussed
efore, the iPlan Flow software might dramatically improve
overage of the target volume and its use in large, prospective
rials is warranted [9].

.2. Transferrin and IL-4 receptors

On the basis of high IL-4 receptor expression on glioma
ells, 31 patients with recurrent MGs (25 GBM, 6 AA)
eceived CED of NBI-3001, an IL-4 receptor targeting toxin
omposed of circularly permuted IL-4 and truncated Pseu-
omonas exotoxin. Drug-related grades 3–4 toxicity, which
as mainly neurological, was reported in 39% of patients in

ll dose groups, while median survival after treatment was 8.2
nd 5.8 months in the whole population and in GBM patients,
espectively. No direct data are available about the rate of
neffective CED infusions, although one patient developed a
hemical meningitis, plausibly due to toxin leak into the sub-
rachnoid space. About 70% of all tumors showed a partial
r total necrosis on MRI, but the incidence of severe toxicity
as 22% even at MTD. Severe toxicity could be related to
ecrosis-induced increasing intracranial pressure and dimin-
shed by scheduling a necrosectomy after CED [60].

Tf-CRM107 (TransMIDTM) is composed of a modified
iphtheria toxin on human transferrin, which is unable to
ind non-specifically to human cells. In light of high expres-
ion levels of transferrin receptors on malignant glial cells,
phase I study was conducted in 18 patients with malignant
rain tumors (10 recurrent GBM), who received intratumoral
ED of TransMID. Of 15 evaluable patients, 5 presented

igns of peritumoral brain injury, at doses higher than MTD,
hile 9 presented partial or complete response [61]. A subse-
uent phase II trial, administering Tf-CRM107 to 44 patients
ith recurrent MGs, reported response rate of 39%, with the
ain toxicity represented by manageable cerebral edema in

1% of the patients [62]. These promising results were not
onfirmed in a phase III trial, which compared intratumoral
ransMID vs. systemic chemotherapy in patients with recur-
ent or progressive GBM. This study was withdrawn early
ue to lack of efficacy [63].

. Concluding remarks
We have shown that, although a wide variety of ther-
peutic agents have been tested, Gliadel is the sole local
reatment with solid evidence of effectiveness, as it provided

a
b
c
a
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statistically significant prolongation in survival (about 2
onths) in newly diagnosed MG [37] and recurrent [36]
BM patients, in comparison to placebo. Since 2008, the
ational Comprehensive Cancer Network Practice Guide-

ines in Oncology have recommended the combination of
liadel followed by radiation, with concurrent adjuvant

emozolomide in patients with newly diagnosed MGs, despite
ack of evidence from a randomized, controlled trial. Gliadel
s well tolerated and does not require any particular expertise
r compliance, but it is quite expensive and it needs inva-
ive surgery to be implanted. On the contrary, subcutaneous
eservoirs are very versatile and can be easily and repeatedly
efilled for intracavitary delivery of various agents. Local
elivery via Rickham/Ommaya reservoirs of mitoxantrone
43] in recurrent MGs and of radiolabeled anti-tenascin anti-
odies [47–53] in both newly diagnosed and recurrent MGs
as shown very promising results, in terms of both efficacy
nd safety, and there is sufficient evidence to recommend a
hase III trial.

Unlike Ommaya/Rickham reservoirs, CED does not
equire surgical tumor excision to be performed, in that it
an deliver therapeutic agents directly into brain or tumor
issues. In the reviewed articles, CED was employed for
ntratumoral administration of various agents, mainly pacli-
axel [26,35] and high molecular weight targeted toxins
58–63]. These agents show in vitro activity on malignant
lial cells, but they cannot be effectively delivered with
iffusion-based techniques. In a small study [35], CED of
aclitaxel showed a response rate of 73%, but it also caused
remophor-related aseptic meningitis, which could be pre-
ented by using the newer albumin-paclitaxel conjugated
ab® (nanoparticle albumin-bound) technology Abraxane®

64]. Furthermore, Abraxane albumin could be radiolabeled
ith 123I or 124I and used to perform SPECT. Local deliv-

ry of targeted toxins allows for molecular and anatomical
argeting at the same time, with the possibility of increased
afety and effectiveness. The promising results from phases
and II trials were confirmed by two large phase III trials
n CB [9] and TransMid [63]. Ineffective delivery is con-
idered a probable cause of these failures [9]. Although it
s clear that CED holds a tremendous potential, it is also
lear that, due to its high complexity, it can be difficult to
tandardized in order to provide a predictable Vd. Catheter
rajectory, which must be appropriate for an effective delivery,
s generally determined following simple rules and guide-
ines. The computerized program by Brain Lab [9,30] might
epresent a powerful tool for correct catheter placement,
ut it can be employed for intraparenchymal delivery only,
hile most of the CED trials have adopted intratumoral

dministration.
Multimodality treatment is the mainstay of therapy of

Gs. It is therefore noteworthy that many of the reviewed

rticles have showed that intracerebral chemotherapy can
e safely combined with surgery, radiotherapy and systemic
hemotherapy. Moreover, agents like radioactive antibodies
nd mitoxantrone can also be safely combined for intracavi-
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ary delivery [54], showing the feasibility of combined local
elivery of these or possibly other agents. Unfortunately,
hile no large, randomized, controlled trial has been con-
ucted or is underway on mitoxantrone or radioactive agents,
n spite of sufficient evidence to recommend a phase III trial,
wo phase III trials on CED have been prematurely carried
ut and they both failed because the aforementioned CED
echnical hindrances are yet to be resolved.

earch criteria

Three groups of words were defined. Group A:
glioma’, ‘gliomas’, ‘glioblastoma’. Group B: ‘local’,
loco-regional’, ‘intratumoral’, ‘intratumoral’, ‘intracere-
ral’, ‘intraparenchymal’, ‘intralesional’, ‘intracavitary’,
interstitial’, ‘polymer’, ‘antitenascin’. Group C: ‘convection
nhanced’, ‘Gliadel’, ‘carmustine wafers’. Our search criteria
n PUBMED included articles presenting at least one word
f group A and at least one word of group B in any field
nd articles with at least one word of group C in any field.
nly human studies written in English and published from

anuary 1994 to December 2009 were evaluated. Original-
ty, sample numerosity and publication date defined articles’
riority. Articles quoted by reviewed articles and abstracts
rom relevant US and European cancer meetings were also
onsidered.
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