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Abstract

Introduction Convection-enhanced delivery (CED) is a method of targeted, local drug delivery to the central nervous system
(CNS) that bypasses the blood-brain barrier (BBB) and permits the delivery of high-dose therapeutics to large volumes of
interest while limiting associated systemic toxicities. Since its inception, CED has undergone considerable preclinical and
clinical study as a safe method for treating glioblastoma (GBM). However, the heterogeneity of both, the surgical procedure
and the mechanisms of action of the agents studied—combined with the additional costs of performing a trial evaluating
CED—has limited the field’s ability to adequately assess the durability of any potential anti-tumor responses. As a result,
the long-term efficacy of the agents studied to date remains difficult to assess.

Materials and methods We searched PubMed using the phrase “convection-enhanced delivery and glioblastoma”. The ref-
erences of significant systematic reviews were also reviewed for additional sources. Articles focusing on physiological and
physical mechanisms of CED were included as well as technological CED advances.

Results We review the history and principles of CED, procedural advancements and characteristics, and outcomes from key
clinical trials, as well as discuss the potential future of this promising technique for the treatment of GBM.

Conclusion While the long-term efficacy of the agents studied to date remains difficult to assess, CED remains a promising
technique for the treatment of GBM.

Keywords Glioblastoma - Glioma - Topotecan - Convection-enhanced delivery - Convection - High-grade glioma - Brain
tumor - Blood—brain barrier - Drug delivery

Introduction

Convection-enhanced delivery (CED) is a promising method
of targeted, local drug delivery to the central nervous sys-
tem (CNS). CED uses the stereotactic placement of one
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or more catheters within an area of interest for the direct
infusion of therapeutics. These catheters are connected to
pumps which provide a continuous, positive-pressure micro-
infusion of the desired agents through the target tissues via
principles of ‘bulk flow’ [1, 2]. Importantly, direct infusion
via CED bypasses the challenge posed by the blood—brain
barrier (BBB) to drug distribution within the CNS when
administered via intravenous (IV) or oral delivery methods
(Fig. 1). Similarly, by capitalizing on the restrictive function
of the BBB, CED permits treatment with higher doses of
therapeutic agents to the CNS while eliminating dose-related
systemic toxicities [3].

Since its conceptualization, there has been considerable
preclinical and clinical interest in incorporating CED for the
treatment of diffusely infiltrating gliomas. Clinical studies to
date have focused extensively on the treatment of high-grade
gliomas (HGGs), and specifically glioblastoma (GBM) as
current treatment standards remain inadequate and tumor
recurrence is invariable. Even after safe, maximal resec-
tion and use of adjuvant chemotherapy and radiation, the
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Fig. 1 Overview of CED. Direct infusion via CED bypasses the chal-
lenge posed by the BBB to drug distribution within the CNS when
administered via intravenous (IV) or oral delivery methods. The
BBB is comprised of continuous tight and adherens junctions along
cerebral capillary endothelial cells buttressed by astrocyte end-foot
processes and functions to protect the CNS from infections and toxic
substances. The BBB also limits the distribution of many antican-
cer agents. CED uses stereotactically placed catheters, connected to
mechanical pumps to provide a continuous, positive-pressure micro-
infusion of desired agents through target tissues

complex molecular heterogeneity and diffusely infiltrative
nature of these tumors continues to limit survival [4-10].
Furthermore, the challenges of the BBB limit potentially
effective therapeutics from reaching the CNS.

CED offers the unique ability to treat large brain volumes,
including both radiographically defined regions of tumor
and surrounding infiltrated brain tissues, and to expand the
armamentarium of potentially effective therapeutic agents.
This review provides an up-to-date summary of the results
of clinical trials using CED for the treatment of GBM and
discusses variations in the published techniques.

Background

In 1994, a group of clinicians and engineers led by neurosur-
geon Edward Oldfield, published the first paper describing
CED for the local delivery of drugs that were either limited
by the BBB or too large to diffuse effectively [1]. Research
at the time had become very interested in bypassing the
BBB to expand the arsenal of potentially effective treat-
ments for CNS diseases. CED offered an alternative to the
diffusion-mediated delivery systems being evaluated. Dif-
fusely infiltrating gliomas, and particularly GBM, allowed
a unique opportunity to capitalize on the strengths of CED.
The infiltrative nature of these tumors requires larger treat-
ment volumes than can be resected during surgery or treated
effectively with diffusion-based approaches that rely on a
compound’s concentration gradient and diffusivity within a
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targeted tissue and often achieve a limited volume of distri-
bution of only a few millimeters.

In comparison, CED distributes agents via a pressure gra-
dient generated by a pump-catheter system that enables the
delivery of compounds to large volumes of both, targeted
and adjacent tissues independent of the size and diffusiv-
ity of the compound [11, 12]. Moreover, CED permits the
delivery of a wide range of compounds [13-16].

Interest in CED has expanded significantly as a number
of advantages over diffusion-mediated approaches have been
identified. These advantages include: (1) CED expands the
intratumoral distribution of drugs as pressure gradients
drive agents evenly over larger volumes than possible with
diffusion-based approaches; (2) CED permits delivery of a
homogenous concentration of drug throughout its volume of
distribution (Vd) as it does not rely on a steep concentration
gradient to drive flow; and (3) CED occurs independent of
an agent’s molecular weight or diffusivity.

Physical principles

The biophysical properties of CED are unique among meth-
ods of local delivery and important to consider for the treat-
ment of GBM. Conceptually, CED relies on principles of
‘bulk flow’. Bulk flow refers to the extracellular flow of
fluid distributed via a pressure gradient. Bulk flow is best
modeled using Darcy’s law, v = —K'Vp under the assump-
tion that the treated tissue is a hydrated, porous medium
consisting of both fluid and solid phases. Under this model,
the velocity of a molecule is directly related to the pres-
sure gradient (Vp) and the hydraulic conductivity (K), or
flow conductance of the medium infused. Compared with
diffusive methods, distribution via bulk flow is independ-
ent of molecular weight, and very high concentrations are
not required to ensure therapeutic levels of an agent over
large volumes of targeted tissues. As a result, CED enables
homogeneous delivery of high concentration therapeutics
with tissue penetration up to a few centimeters in contrast to
a few millimeters as with diffusion-based methods [12]. The
large Vd achievable with CED is critical when considering
the treatment of malignant gliomas where local invasion and
subsequent recurrence from these invasive tumor cells com-
monly occurs within centimeters of the original tumor [17,
18]. It is important to note that the concentration fall-off at
the border of the convective volume is steep and within these
areas, delivery becomes more diffusion based than within
the region of the pressure gradient adding an additional few
millimeters of treatment [19].
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The blood brain barrier in GBM

The BBB isolates the systemic circulation from the CNS via
both physical and biochemical barriers [20-22]. The BBB is
comprised of continuous tight and adherens junctions along
cerebral capillary endothelial cells buttressed by astrocyte
end-foot processes, and does not exist elsewhere in systemic
circulation (Fig. 1). The BBB forms a physical barrier lim-
iting CNS entry of bacteria, monoclonal antibodies, anti-
body—drug conjugates, large molecules weighing > 40 kD,
and hydrophilic molecules. Nutrients, lipophilic molecules,
and the removal of waste metabolites traverse the BBB via
various active transporters. While the functions of the BBB
are to protect the CNS from infections and toxic substances,
they also limit the distribution of many anticancer agents
[20, 23]. Drugs able to penetrate the CNS often cannot
achieve effective concentrations as the required systemic
concentrations carry unacceptable associated toxicities [19].
As a result, bypassing the BBB remains a significant hurdle
to ensuring the delivery of the majority of approved and
experimental oncologic drugs to the CNS. Mechanisms of
local delivery capitalize on the bidirectional nature of the
BBB. In fact, the most effective agents for local delivery are
those that are not well transported across the BBB as these
will not travel back into systemic circulation. This permits
high concentrations of select agents to be delivered within
the CNS with little risk of the drug leaking back into the
systemic circulation and causing systemic toxicity.

BBB integrity is naturally disrupted by most brain tumors.
This is best represented by conventional contrast-enhanced
magnetic resonance imaging (MRI) following administration
of gadolinium-based contrast agents where contrast leaks
out of regions of BBB breakdown and identifies the bulk
of the tumor. However, it is critical to understand that dif-
fusely infiltrative lesions such as GBM contain tumor bur-
den within the surrounding non-enhancing regions of brain
where the BBB remains intact as evidenced from studies of
MRI and positron emission tomography (PET) imaging [20].
These adjacent areas of protected infiltration are frequently
the sources of tumor recurrence and progression and have a
profound influence on the efficacy of any therapy. As such,
they may provide an excellent target for CED.

Procedural nuances and characteristics
of CED

CED Procedure

There is currently no standardized protocol for imple-
menting CED as pre-clinical and clinical investigations

have varied in their techniques [3, 6, 7, 9, 10, 24-33].
The fundamental procedure however involves the stereo-
tactic placement of one-or-more small-diameter catheters
directly into either brain parenchyma or tumor using
image-guided neuronavigation (Fig. 1). Most trials have
used flexible, single-lumen catheters and decisions regard-
ing the number of catheters in published studies have been
at the surgeon’s discretion, keeping in mind the volume of
the intended target. In general, most clinical studies have
limited infusions to tumors less than 4 cm in their largest
dimension to ensure adequate distribution of infusate, and
to limit potential side effects of infusing more volume into
a region already burdened by mass effect [3, 6, 7, 9, 10,
24-29]. Catheter position is key to ensuring an adequate
Vd and consensus suggests that optimal catheter position-
ing should be safely away from the ventricles and suba-
rachnoid space to prevent the preferential distribution of
infusate into cerebrospinal fluid (CSF) spaces.

Catheters are subsequently attached to an infusion pump
which generates a pressure gradient that drives the flow
of the infusate directly into the extracellular matrix of the
targeted tissue (Fig. 1). Published studies have universally
relied on external pumps that require the catheter to be tun-
neled out of the scalp and the patient to limit their movement
or carry the pump with them for the duration of the study.
Unfortunately, this has resulted in infusions being limited
to a few days to mitigate infectious risks. A trial of a com-
pletely internalized, refillable pump-catheter system is ongo-
ing which would permit chronic delivery and allow infusions
to be continued in an outpatient setting (NCT03154996).

As the field of CED is relatively young and the results of
reported case studies and clinical trials difficult to interpret,
there is insufficient evidence to suggest whether catheters
should be placed within pathologic tissue or adjacent to it
(Table 1). This decision depends on the mechanism of the
chosen therapeutic agent to be infused, the tissue character-
istics (e.g., the presence of hemorrhage, nearby resection
cavities or pial surfaces, proximity to ventricle, adjacent
edema, etc.), and the treatment plan. Similarly, infusion rates
and schedules have been variable in the literature (Table 1).
While this variability is difficult to interpret, published flow
rates have demonstrated that the brain parenchyma can tol-
erate small and large infusion volumes with relatively few
associated symptoms due to mass effect or edema (Table 1).
Fortunately, these symptoms are often reduced with admin-
istration of steroids and none have been fatal.

Flow direction, rates, Vd and Vi
The volume of distribution (Vd) to volume of infusion (Vi)
ratio (Vd:Vi) is a critical parameter to consider for CED

(Fig. 2). An understanding of this variable for specific ana-
tomical regions or tumor types allows prediction of the

@ Springer



Journal of Neuro-Oncology (2021) 151:415-427

418

(0 ovIII
D% () VV (xojopnsaq
111D 2 (9%) un{opanuI))
.. (ATU0 INFD) JU0 T F SVH Kyraes NED Al A008cAd
SYoom LT skep ¢ QUO6'LT  Poleqe[olpey L IY/[W G/’ UONIIsAI-LIdd €1 1D IUALINdY I €I-710 L00T T8 19 Jemuny
(D ov
11 ’pelD % (xoj0pnsaq
(17 Wao unjepanuI))
Kyraes Al 1D pasou A008Edd 219
'U skep ¢ 'U eu L IY/[W G/'() UONOISAI-TIDJ +— -Serp AimoN I SI-TI L00Z wneqEgSoA
(8) WaD
Al 1D pasou
-Seip Aimou
‘9) vV III
(192 0% (LE)
-yyed 1od) INED Al
syoam 6'LE  sAep -] 'U LDddS 8I-Cv g/ 81°0  [erowmenuy -1 1D IULLINOSY 11 LB1e10D  S00T [e 19 [ored
@ vv
o » (€1)
(£luo INFGD) IR IARLUEIEI WD Al
syoam 9] sAep G—¢ 'U -uorsnyiq 9 Iy/[w ¢’ [elownyenup [ 1D USLINOy 1 PxePed  $00C I 10 Iepry
((ONA% (urx0j0X2
(Auo syuanyed 111D 2% (S7) seuouwiop
WNgD) Iy INED Al -nasd-11)
SYeam T°¢T skep ¢ eu eu 00I-0F /WO I-+0'0  [elownienup €1 1D JUALINOY 1 100€- TN €00T [LREREE/NN
(urxojoxa
sououiop
(6) WAD Al -nasdq-y11)
eu  skep g— eu eu S8I-0¢ Iy W9 0—¢0  [erownenuy €1 1D IUaLmdy 1 100€-IdN 000C [® 19 puey
(22
VVII1D
% INGD Al
sYoom L€ sKep ¢— 'U eu o JIYJW$0-g0  [elownjenup -1 1D IULLINoy I LOTINND-HL €007  [B 10 JoABIM
(@ ed
3uny oness
-eou ‘(1)
oV (§) VvV
(ATuo syuaryed XI/Mm Sur 110 ‘(01)
NgD) -sea1ou[ Iy INAD Al
soam T sAep 91-¢ eu eu 081-¢ /W90°'0—€0'0  [erownjenup €1 1D IULLIMdY I LOTINID-AL L661 e 39 9yse]
(rerownyrrad
(Tu) *SA TeIown) (s1d jo ‘ou)
pasnyur -e1jur) uon SI1910 ad£y rowmy
SO UBIp9]N  uonein( PA UBIIA Sunyoeiy, QuIN[OA 9JeI MO[] -BOO[ IaJayIe) -peo Jo oN  ‘opeiS QHM oseyd [erif, Juady  Ie9x oyny

BWOISEIqOI[3 10§ OHD JO S[eLn [eo1uID | 3jqeL

pringer

Qs



419

Journal of Neuro-Oncology (2021) 151:415-427

s1o30y380 pauonisod Ajrewndo g ueyy 1omaj yiim sjuaned 10j sY9M L€ pue saurjopmng Suruonisod jour Jey) s193oyIed 210w 10 | M sjuaned WD 10 SY99Mm 9°GG SeM [BAIAINS UBIPIN

(VNQ 01 paxe[dwiod [H 2uo0)sIy *9'T) Udrjue Je[n[[9oBI)Ul [BSIOATUN © 10J 0y10ads (qeIA g/1-LN.LUS-1) qBIA dLIowIyd Pa[qE[T,

e)
NID Al 9phOIId [e1e
Syoam 87 yo9 ’U eU g Iyywr ¢'¢ [erownjenuy 7 1D ULLINORY I -nuoSio Hd) 0107 Jonuadre)
(19)
NID Al LR
S¥oom (¢ ygeo 'u eu [weee Iyl ¢ erowrnjenuy [ 1DJualmdoy 1 OdIdSAd 810¢T surprefsoqq
X, i Sur
w -seamout ‘1 (8) INGD AI
Soom [°8¢C skep 67 (6'9-5°0) 0°¢ Vd1d-pPO 09-0¢ /W 90-ST0'0  [erownmenu] 1 1D jualIndy /1 MP-ASH €00¢ [B 39 $950A
(9) ewon3
1 1o 2 (1)
(A[uo IWgD) [erowrm)-LIq NAD Al
SYoom G'8G  SAep L1 eU rU 001-0% Iy 4 pue -enuy AR 9 BLEIAILEN | q1 ueodjodoy, 1107 [ 10 don1g
(¢v) VV III
1D 29 (€01) (T031qIYUIT
(A[uo IWgD) NAD Al 79-401)
SYOOM H°9¢ skep £ 'U rU ov Iy/[w 7' [elownyenup [ ID)uelmnody q11 uasIopaqel], 1107 [e ¥ uyepSog
9]
sIsejsejow
1190 orpurds
pasouserp
AImoN “(1)
JSO I 1D
2 (1) oV 1II
(syoom 1°LT D% (L1
“T'%1) urwnqpe (1907120 Kyaed NGO Al
syeam g7 sKep 80'C pareqeloIpey oy Jod) Iy ') UOIOSSAI-LIdG 7 1D)uenmody I 8¢-dl 8007 T 10 uosdueg
(xoj0pnsaq
960) unjepanuI))
Kyaed INGD Al 4O08eAd
SYooMm ¢'G skep § 'U ’U 7L IY/[W G/'() UONIISAI-LId] p—7 1D JULIINOY I SI-TI 0T0T  T® 19 Jemuny]
(rerownyrrad
(Tu) 'SA TeIown) (s1d jo “ou)
pasnjut -enur) uor SI919 od K1 1owm
SO UBIp9]N  uoneIn( PA UBSA Sunyoeiy, QuIN[OA JJRI MO  -BOO[ Ia)ayIe) -eo Jo 'oN  ‘opei3 QHM oseyd periy, Juady  Ieox oyny

(ponunuod) | 3jqer

pringer

a's



420

Journal of Neuro-Oncology (2021) 151:415-427

Fig.2 T1-weighted non-enhanced image demonstrating intratu-
moral infusion of chemotherapy with gadolinium tracer. The tumor
volume has been segmented out and highlighted in pink. The gado-
linium tracer correlating to the volume of distribution of infusate is
segmented and highlighted in green. Analysis of the Vd demonstrates

required Vi [30]. While increases in Vd are approximately
linearly related to Vi initially, preclinical evidence suggests
that with prolonged infusion, this relationship changes
reaching an equilibrium between infusion and clearance
[31-33]. Understanding this relationship is complicated as
it may be altered by intra-tumor and peri-humoral edema,
intratumoral heterogeneity, and location-specific variables
commonly encountered in the treatment of GBM and elabo-
rated on below.

Backflow, sometimes referred to as reflux, along the cath-
eter tract remains a large determinant of the achievable Vd
(Fig. 2). Backflow can result in the loss of infusate into the
CSF space, thus eliminating the pressure gradient and ren-
dering the Vd independent of the Vi [34]. Backflow resistant
catheters have been developed to combat this problem and
are discussed further below.

Molecular features specific to the infusate also influence
the Vd:Vi ratio. An agent’s lipophilicity, its susceptibility
to enzymatic degradation, and the extent to which it binds
cell surface receptors may all influence the Vd. Importantly,
in preclinical studies investigating prolonged infusion using
an implantable system and a surrogate imaging marker, an
equilibrium between infusion and clearance appears to arise
within 24—48 h resulting in a shrinking of the final Vd
relative to the maximum Vd established despite continued
infusion [31, 33]. An understanding of how this equilibrium
influence the Vd:Vi of the agent delivered is important for
treatment planning for longer term infusions.

Resistance to flow within a targeted tissue can alter the
direction of flow from the catheter tip and can thus influence
Vd. Distribution from a single point typically results in an
elliptical-to-spherical distribution but is limited by physical
barriers such as pial surfaces [19]. As a result, studies that
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Tumor Volume —
1.5 cm? Vissl5cm3
Vd of Gad — ?;B@}Jﬁ

an irregular shaped Vd conforming to structural restrictions to flow
such as pial boundaries. Infusing 15cm? of drug resulted in a Vd of
30cm? with an associated Vd/Vi ratio of 2. In this case, the Vd/tumor
volume ratio is 20. Interestingly, a large Vd was achievable despite
evidence of back flow into the subarachnoid space (blue arrow)

have incorporated a tracer to study the achievable Vd have
demonstrated irregular shaped volumes of distribution con-
forming to structural restrictions to flow (Fig. 2).

The properties of white matter versus gray matter also
influence flow, and thus Vd: Vi [35]. White matter shows less
resistance to bulk flow and flow direction is affected by the
direction of white matter tracts. Mathematical models and
tracer studies within clinical trials have also demonstrated
preferential movement of infusate along paths of pre-existent
white matter edema seen in the setting of malignancy which
also contributes to the unpredictability of the Vd:Vi ratio
[36-38]. Catheter induced edema can also influence the
flow patterns surrounding the catheter [36]. Further study
is required to better clarify the relationship of Vd to Vi and
ultimately, these relationships may vary independently with
each different treatment protocol on a case-by-case basis.

Clinical trials of CED for GBM

A number of early Phase clinical trials using CED to treat
GBM have been reported. The infusion characteristics and
results of these trials are summarized in Table 1.

CED trials of conventional chemotherapy

A number of studies of CED of conventional chemotherapies
unable to cross the BBB have been performed. Lidar et al.
performed CED of Paclitaxel, an anti-microtubule drug,
to treat 15 patients with recurrent high-grade gliomas (13
GBM:s, 2 anaplastic astrocytomas), and showed an imaging
response in 11 of 15 treated patients [26]. Median overall
survival (OS) for the group was reportedly 7.5 months.
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Topotecan (TPT) is a topoisomerase-I inhibitor that has
demonstrated significant antitumor effects in preclinical tri-
als despite minimal antitumor effects and significant dose-
limiting toxicities when delivered intravenously in humans
[39—42]. TPT CED was initially evaluated in a Phase Ib trial
to treat 16 patients with recurrent high-grade gliomas (10
GBM:s, 6 anaplastic gliomas), and showed significant anti-
tumor effects as determined by radiographic images, while
extending median OS and progression-free survival (PFS) to
60 and 23 weeks, respectively [3]. No systemic toxicity was
noted and neurologic deficits related to CED were limited to
patients receiving only the highest doses. A follow-up trial
of chronic TPT CED using a refillable, implantable pump-
catheter system capable of delivering metronomic pulses of
CED over 1 month is currently underway (NCT03154996).

Additional work delivering a mixture of TPT and gadolin-
ium through a novel multipart catheter found that the achiev-
able Vd depended on catheter location, with intratumoral
placement resulting in a smaller Vd than when the catheter
was placed in tumor-infiltrated brain despite the same flow
rates for each location [32]. Infusions were well tolerated.
An arm of this study looking at rate escalation for intratu-
moral delivery is still recruiting (NCT03927274).

CED trials of conjugated toxins

The first clinical trial of CED for recurrent GBM which
demonstrated its safety and efficacy in a clinical setting was
performed by Edward Oldfield’s group at the National Insti-
tutes of Health (NIH) [6]. The study evaluated the targeted
toxin TF-CRM 107, a human transferrin (TF) conjugated to
diphtheria toxin (CRM107) with a point mutation that abol-
ishes nonspecific binding to mammalian cells. The study
reported a reduction in tumor size of at least 50% in 9 of 15
patients with limited associated toxicity in patients treated
at higher concentrations. There were no systemic toxici-
ties. Unfortunately, a Phase II arm of the study published
in 2003 produced less encouraging results with only 39%
of patients who completed the treatment demonstrating a
complete or partial radiographic response [29]. Similarly,
a Phase III study involving TF-CRM107 was aborted as an
interim analysis again demonstrated a 39% response rate
[43]. Median OS was 37 weeks following treatment in the
Phase I arm of the study likely reflecting the poor tumor
response rate.

IL-4 Pseudomonas exotoxin (NBI-3001) is a recombinant
fusion protein composed of interleukin-4 (IL-4) and Pseu-
domonas exotoxin that capitalizes on the overexpression of
IL-4 in malignant gliomas. In 2000, the first clinical trial
using CED of IL-4 Pseudomonas exotoxin to treat recurrent
GBM reported evidence of tumor necrosis in 6 of 9 patients
[7]. A similar trial treated 25 patients with recurrent GBM
and 6 with WHO Grade III anaplastic astrocytomas (AA)

with NBI-3001 and showed a median OS of 5.8 months for
GBM patients despite the majority of patients demonstrat-
ing extensive tumor necrosis on MRI suggestive of treat-
ment response [44]. Minimal adverse effects attributed to
treatable edema and no systemic toxicities were observed
in either study.

Epidermal growth factor receptor (EGFR) overexpres-
sion has also been targeted through clinical trials of CED
using TP-38, a chimeric protein containing a TGF-a bind-
ing domain that binds to EGFR, and Pseudomonas exo-
toxin which induces apoptosis. The first study of TP-38 was
plagued by issues of ventricular and subarachnoid leakage
of infusate with failed parenchymal distribution [45]. As a
result, median OS was 28 weeks for 20 patients with recur-
rent or progressive malignant brain tumors and 17 GBMs.
While the study demonstrated the safety of infusion, it also
became the first study to mark the importance of monitoring
the efficacy of CED infusion in future trials.

The PRECISE trial was a Phase III CED clinical trial
studying IL.13-PE38QQR (Cintredekin besudotox), another
chimeric protein made of IL-13 receptor alpha 2 chain (IL-
13R a 2) and a truncated form of Pseudomonas exotoxin
A (PE38QQR) [46]. PRECISE enrolled 296 patients who
received either IL13-PE38QQR via CED 96 h following
resection, or CCNU-containing Gliadel wafers implanted at
the time of resection. No benefit in median OS was identified
relative to Gliadel-treated patients. However, the study was
only powered to detect a greater than 50% benefit in sur-
vival and any smaller benefits would have required a larger
cohort. Additional criticism of the trial pointed out that 11%
of patients did not fulfill inclusion criteria and only 27%
had complete resections prior to treatment [47]. Follow-up
studies looked into other concerns of problems with catheter
position and IL-13 receptor levels to explain the underper-
formance for improving OS. Despite the identified difficul-
ties, these studies did find an improvement in PFS from 11
to 18 weeks with IL-13PE38QQR [47].

CED trials involving liposomes

Liposomes are small, spherically-shaped artificial vesicles
composed of a lamellar-phase lipid bilayer that can be syn-
thesized to deliver therapeutics gradually. Additionally,
liposomes can undergo endocytosis or phagocytosis, permit-
ting intracellular drug delivery of agents normally incapable
of crossing cell membranes [48, 49]

Several trials have assessed CED of genes to tumor
cells using liposomal carriers. Initial attempts involved
direct intratumoral injection to implant vector-producing
cells that generate retroviruses carrying the herpes simplex
virus-thymidine kinase (HSV-TK) gene [50, 51]. Difficulties
producing sufficient cellular transduction in these studies
and others led to trials using CED to deliver the HSV-TK
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gene [52, 53]. The first trial involved 8 patients and found
that HSV-TK CED resulted in a reduction in tumor size of
greater than 50% in 2 patients as determined on radiographic
studies, and a median OS of 28 weeks for all treated patients
with no associated morbidity [28]. The reported Vd achiev-
able in this trial was small and may have limited its efficacy.
Another study using liposomes carrying nonreplicating
Semliki Forest virus with IL-12 for activating natural killer
cells produced inconclusive results [54]. In addition, inves-
tigations of the topoisomerase inhibitor irinotecan (CPT-11)
embedded in nanoliposomes are ongoing (clinicaltrials.gov;
NCT02022644).

CED trials involving viruses

Recently, the therapeutic potential of PVSRIPO, a live
attenuated poliovirus type 1 (Sabin) vaccine with its cog-
nate internal ribosome entry site replaced with that of human
rhinovirus type 2 was evaluated for the treatment of GBM
[10]. PVSRIPO is known to cause a sustained proinflam-
matory cytokine response and activation of the function
of antigen-presenting cells. These responses enable T-cell
stimulation in preclinical in vitro assays and may counter
tumor-induced immunosuppression while instigating anti-
tumor immunity as a result of its tumor cytotoxic effects,
interferon-dominant activation of antigen-presenting cells,
and the profound inflammatory response to poliovirus [55].
The trial, utilizing CED to overcome the limitations of the
BBB treated 61 patients with recurrent GBM and reported
median OS of 12.5 months following treatment, with only
19% of patients experiencing a PVSRIP-related adverse
event of grade 3 or higher.

Physical limitations and challenges of CED

Despite the clinical promise of CED for GBM, a number
of physical and technical limitations and challenges still
remain. The most prevalent issues are summarized below:

Backflow

Backflow occurs when infusate flows along the catheter
insertion tract rather than entering the surrounding tissues
and remains the biggest challenge to effective CED (Fig. 2).
In the setting of backflow, infusate exits the targeted tissue
and can spread into unintended areas of the brain or dis-
perse through communicating CSF spaces. This results in
a decrease in the intended dose, a limited volume of paren-
chymal distribution, and unintended distribution of the agent
through the CNS. The exact causes of backflow are not fully
understood, but have been associated with pressure spikes
during infusion, catheter insertion techniques, catheter
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design, and the presence of air bubbles in the infusion line
or in the site of implantation [4].

Evidence suggests that soft catheters with thin diameters
are less likely to cause mechanical disruption and thus less
backflow [56—58]. Novel catheter designs including “step-
design” catheters, porous membrane catheters, and valve-
tip catheters are currently being investigated to reduce the
problems of end-port occlusions and its potential effects on
causing pressure spikes that may lead to backflow [57, 59].
The majority of these designs remain in pre-clinical trials
however and most clinical trials to date have used small
diameter, single exit port soft catheters.

In addition to these pending advancements, most cent-
ers have employed guidelines to place catheters at least
2 cm from pial surfaces and resection cavities. Additional
attempts to reduce backflow include minimizing insertion
trauma, slowly ramping up the infusion rate from a low rate
to a higher rate to keep a constant positive pressure during
the infusion period as well as give the tissue time to adapt,
as well as delaying infusion to allow adjacent tissue to accli-
mate to the presence of the catheter [6, 28]. There remains a
need for the development of catheter materials to make them
less prone to scar formation around the catheter entry site to
help push the limits of the infusion duration.

Air within the infusion line or pushed into the tissue
parenchyma can also disrupt the flow of infusate causing
unpredictable flow patterns with alterations to the desired
Vd [57, 60]. As aresult, air may also contribute to backflow.
Priming the cannula prior to insertion prevents air bubbles
from occurring at the catheter tip.

Pathologic conditions

The treatment of GBM requires additional considerations
related to the increased interstitial pressure within the tumor
which can compromise intra-tumoral drug distribution [61].
Similarly, the interstitial pressures associated with peritu-
moral edema as compared with the surrounding tissues and
their mitigation with steroid use should be considered [62].
Increased interstitial pressure within the tumor can dimin-
ish the pressure gradient that drives convective flow mak-
ing it difficult for infusate to penetrate the interstitium dur-
ing CED. In addition, some tumors may be fibrous or thick
from scarring from previous interventions and this may also
affect flow distribution. Furthermore, these tumors contain a
heterogeneous distribution of blood vessels which can alter
the flow trajectory and disrupt the predicted Vd as infusate
preferentially flows through perivascular spaces [63, 64].
Infusions into or around tumors with extensive necrosis or
cysts results in pooling of the delivered agents within these
areas and results in an unequal distribution of infusate to
nonviable tissues. Tumor proximity to the ventricles should
also be noted and care taken to avoid catheter placement too
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close to the ependymal surface as penetration of infusate into
the ventricle results in a loss of the pressure gradient and
distribution through communicating CSF spaces. The effects
of steroids on infusion remain an unanswered question in
clinical trials. Preclinical evidence suggests that infusions
are enhanced by treatment with steroids prior to CED [62,
65]. However, further research is needed on the effects of
steroids on the Vd attainable.

Choice of agent for CED

While significant and necessary attention has been given
to the technological development of CED, delivery of the
appropriate agent remains critical to the ultimate success of
CED. Importantly, CED increases the flexibility of future
drug design as the method permits a diverse group of agents
to be delivered. However, although local delivery improves
treatment delivery while avoiding systemic toxicities associ-
ated with high doses of toxic chemotherapies, peritumoral
brain with tumor infiltration contains regions of tumor
within functional parenchyma that must be preserved. This
is the reason for the interest in molecularly targeted agents
whose toxicity is limited to tumor cells, as well as chemo-
therapies like Topotecan which act specifically on infiltrating
tumor cells within regions of healthy brain given the higher
cellular proliferation within regions harboring active tumor.

It is interesting to note that while the procedural optimiza-
tion of CED remains critical to fully realizing the potential
of any selected agent, the function of any specific agent may
alter the desired procedural implementation of CED. As a
result, it is likely that advancement of CED will continue
with concurrent improvements in procedural, technological,
and biochemical systems in the future.

Future improvements
Next generation catheter design

The majority of clinical trials investigating CED have used
either rigid or soft, small-diameter, single lumen catheters
within the targeted tissue. However, catheter design is an
area of active study and a number of novel catheters have
been developed to improve infusion rates, reduce backflow,
and to increase the achievable Vd.

Given findings that larger-diameter catheters lead to more
problems with backflow, stepped catheters in which the dis-
tal tip is smaller in diameter than the rest of the cannula
have been investigated which allow improved flow rates with
less backflow [66—68]. The risk of backflow is not com-
pletely eliminated however, and is still a risk with higher
infusion rates. Catheters have been designed with multiple-
holes which are theorized to provide better pressure outputs

[19]. However, flow from these catheters is unpredictable
and the infusate often flows only through the most proxi-
mal port making the remaining ports useless. Hollow-fiber
catheters with multiple ports have been developed which
contain millions of tiny openings along its wall (on the order
of 0.45 my) [66, 68]. These catheters have shown promis-
ing results, increasing the amount of infusate transferred by
up to threefold, improving uniformity of distribution, and
reducing backflow. Renishaw (Wotton-under-Edge, UK) has
developed ultrafine, tissue-compatible, anti-backflow cathe-
ters which produce minimal tissue damage and overcome the
issues of floppiness often associated with soft, thin catheters,
as well as backflow [4, 66]. Balloon-tipped catheters can be
inflated to fill the resection cavity and force infusate into
the desired region and away from the catheter tip thereby
limiting backflow [4, 66]. Recently, the Cleveland Multiport
Catheter which deploys 4 independent delivery microcath-
eters was developed and evaluated in 3 patients over 96 h.
This catheter demonstrated minimal backflow although the
infusion rates were also relatively low [32]. Current trials
examining higher flow rates are ongoing.

Long-term infusions via CED will require flexible cath-
eters which are rigid during insertion, navigable, and safe for
prolonged implantation. In addition to optimizing catheter
design to reduce backflow, the further refinement of catheter
materials to make them less prone to scar formation around
the catheter may also improve the efficacy of delivery via
CED.

Prolonged delivery via subcutaneous pump
implantation

To date, clinical trials of CED for GBM have used external-
ized catheters attached to pumps to drive infusion. The use
of externalized catheters is believed to increase the risk of
infection as the length of therapy increases. As a result, most
trials investigating CED have used short infusion lengths.
Successful intracranial drug delivery will likely need to be
repeated in a cyclical manner to target tumor cells that are
not dividing at the time of infusion, or that did not uptake the
drug at the time of the initial treatment. A Semi-permanent,
refillable pump-catheter implants is in development that will
allow augmentation of infusions schedules to allow periods
of washout of infusate [31, 33]. This ensures the safety of
surrounding functioning brain and prevents excessive drug
accumulation. These implantable mechanical pumps gener-
ate an infusion force and are refillable. Refillable pumps also
allow multiple chemotherapies to be infused over the chronic
treatment schedule. The entire pump-catheter system can
be moved to different sites, or removed entirely when the
treatment schedule is complete. Chronic CED via subcuta-
neous pump-catheter implantation has been investigated in
preclinical animal studies with great success and is currently
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being evaluated in a Phase I trial treating recurrent GBM
with Topotecan [31, 33]. The approach shows great potential
as an implantable semi-permanent mechanism of CED may
allow for constant or intermittent regional infusions of a
wide variety of agents to occur in an outpatient setting and
can be removed in its entirety when long-term treatment is
completed.

Imaging and modeling

Optimizing outcomes for a particular agent delivered via
CED depends on the adequate delivery of the agent through
the desired tissues. As reported above, many clinical trials
have suffered from poor convection and attempts to assess
the efficacy of delivery have been limited [26-28, 45, 69].
However, there remains no standardized method of monitor-
ing the efficacy of CED. Infusion monitoring is currently via
direct or indirect methods.

Direct monitoring relies on labeling the infusate itself
with a detectable radioisotope or using a surrogate tracer
such as gadolinium-DPTA, or gadoteridol-loaded liposomes
mixed with the infusate (Fig. 3). This allows real-time imag-
ing of the distribution pattern of therapy [23, 63]. Tracer
methods presume that the distribution of the contrast
agent, as shown on CT or MRI, equals that of the drug’s

Fig.3 T1-weighted, non-enhanced image demonstrating CED infu-
sion of topotecan and Gd-DTPA for 48 h following resection of a
right frontal HGG. Direct infusion monitoring is possible by co-
infusing topotecan with a surrogate tracer such as gadolinium-DPTA.
This allows real-time imaging of the distribution pattern of therapy.
Tracer methods presume that the distribution of the contrast agent,
as shown on CT or MRI, equals that of the drug’s distribution. The
resection cavity is marked with an *
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distribution. Directly labeling agents alters the size and
potentially the charge and tissue affinity of the agent and
therefore may affect the potential Vd.

Indirect methods rely on radiographic alterations as a
result of fluid administration or drug-induced tissue effects
[70]. However, GBMs often start with T2 hyperintense
regions that would complicate indirect approaches. Mov-
ing forward, more accurate methods are required to validate
accurate cannula placement, track distribution of infusate,
and permit treatment adjustments, including the addition of
extra targets.

Similarly, the spatial distribution of infusate remains
unpredictable. Understanding the direction of flow is criti-
cal to targeting CED. Currently, software developed by
BrainLab exists that uses MRI obtained data to calculate
the desired drug distribution volume and a 3-dimensional
visualization of the plan of treatment including the num-
ber and position of catheters accounting for anatomic and
physiologic variability [71]. Using this software on the data
from the PRECISE trial demonstrated its utility for 85% of
catheters simulated after placement. As methods of imaging
improve, software inputs will be more accurate and produce
more accurate and useful simulations.

Procedure cost

Studying CED includes time in the operating room, multiple
MRISs, catheters and the stereotactic platforms necessary to
place them, infusates, pumps, time of the staff performing
the procedure and associated inpatient monitoring. These
factors and their associated costs may limit its applicability
to clinical trials [43]. As with any intervention, procedural
costs are reduced with the availability of the innovation.
Attaching CED to other procedures allows for insurance cov-
erage of the operating room time and hospital stay. However,
performing CED at the same time as the initial covered pro-
cedure is challenging as biopsies at the site of CED can cre-
ate blood products or air that can adversely affect infusions.
Similarly, craniotomies and resections immediately prior
to CED creates a cavity which can similarly interfere with
infusions. Pre-treatment of the region surrounding a tumor
followed by resection of the lesion remains to be examined
in large series.

Conclusions

Despite both the physical and biological challenges
described above, CED remains a safe and viable treatment
method to bypass the BBB and to deliver a multitude of
agents to large, targeted regions within the CNS, despite the
physical characteristics of the agents. It remains particularly
attractive for the treatment of GBM where maximal surgical
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resection in conjunction with standard chemotherapy and
radiation has been shown to improve survival, but fails
to treat the infiltrative tumor cells within the surrounding
functional brain parenchyma responsible for recurrences.
In the setting of GBM, CED has demonstrated the targeted
treatment of large areas of functional brain with high-dose
agents while avoiding systemic toxicities. To date, several
therapies have been shown to be safe and somewhat effective
in preclinical and clinical studies. However, discouraging
results in two randomized Phase III studies reveal techni-
cal shortcomings that remain to be addressed. At this point,
the heterogeneity of the studied treatments has limited the
ability to adequately assess the durability of any potential
anti-tumor responses. As a result, the long-term efficacy of
these treatments remains unknown. Before CED is able to
fully realize its therapeutic potential, further optimization
of the technical aspects of CED and standardization leading
to reproducibility is necessary. After technically optimiz-
ing CED, the field can focus on which therapeutic or thera-
peutics will derive the greatest benefits for the treatment of
GBM. Essential aspects for future consideration are catheter
design, number of catheters, placement of catheters, infusion
rate, start-up infusion protocol, duration of infusion, type of
drug infused, potential drug encapsulation, and methods of
evaluation for drug distribution. For now, CED remains a
promising and powerful method for treating GBM.
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